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A b s t r a c t
T h e  S p a t i a l  D i s t r i b u t i o n  o f  S n o w  a n d  a e r o s o l  c h e m i s t r y
IN TH E M OUNTAINS O F C EN TR A L A SIA
by
Cameron Parker Wake 
University of New Hampshire, May, 1993
Central Asia represents one of the largest voids with respect to our understanding of 
geochemical cycles in the continental troposphere and hydrosphere. Fortunately, the vast 
extent of glaciers in central Asia provide several high elevation (>5000 m) locations from 
which to recover glaciochemical records, and thereby furnish a unique window through 
which to study biogeochemical cycles in the mid- to upper-troposphere.
Snow and ice samples collected from nine glacier basins spread throughout the 
mountains of central Asia were analyzed for their major ion and particle content Aerosol 
samples collected from four sites in central Asia were analyzed for their water soluble major 
ion chemistry. The data are used to characterize the spatial distribution of major ion, 
particle and snow accumulation in central Asia.
Tropospheric aerosols from the southeastern Tibetan Plateau show chemical 
compositions and concentrations that are comparable to previously reported measurements in 
the remote troposphere. The general composition and spatial pattern in summer snow 
chemistry is similar to that for aerosols.
The spatial distribution of major ion and particle content of central Asian snow is 
controlled primarily by the influx of dust derived from the arid and semi-arid regions of 
Asia. Glaciers in the northern and western regions of the Tibetan Plateau, which are 
surrounded by large source regions for mineral aerosol, show elevated levels of major ions 
and particles. Glaciers in the south-eastern Tibetan Plateau show lower levels of major 
ions and particles due to longer transport distances from mineral aerosol source regions in 
western China. Glaciers in the Karakoram and western Himalaya show high annual fluxes 
of major ions and particles derived from sources to the west and south. Snow from the 
southern slopes of the eastern Himalaya shows very low concentrations and annual fluxes 
of major ions and particles.
xi
High elevation mountain sites in the Himalaya, Karakoram and south-eastern 
Tibetan Plateau preserve glaciochemical records of regional to hemispheric significance and 
provide isolated platforms above the planetary boundary layer from which to investigate the 
composition of the remote continental troposphere. Glaciers in these regions are the ones 
most likely to contain longer-term glaciochemical records which detail annual to century 
scale variation in the strength of the Asian monsoon and long-range transport of Asian 
dust.
I. I n t r o d u c t i o n
2I. IN T R O D U C T IO N
Recent initiatives within both the United States and international scientific 
communities have stressed the need to understand global scale dynamic processes and 
cycles such as changes in the chemistry of the atmosphere and climate (e. g., NAS 1984, 
1986; NASA, 1986; WMO, 1987; ICSU, 1990). Chemical analyses of snow and ice 
samples recovered from snow pits and ice cores have proven extremely valuable in 
producing high resolution paleo-cnvironmental records of atmospheric chemistry and 
climate over a wide range of time scales (tens to hundreds of thousands of years; e.g., 
Mayewski et al., 1990; Mayewski and Legrand, 1990; Jouzel et al., 1987; Legrand et al. 
1988). While the longest and best preserved records come from polar regions, limited 
work on snow and ice samples recovered from high altitude/mid-low latitude glaciers has 
shown that these regions also hold valuable records of environmental change (e.g., 
Mayewski et al., 1984 ; Wagnebach et al., 1988; Holdsworth et al., 1989; Thompson et 
al., 1989; Wake, 1989). Glaciochemical records allow us to piece together a detailed 
history of precipitation chemistry and dust deposition that is not available through any other 
type of environmental record.
Taken in global perspective, central Asia represents one of the largest voids with 
respect to our understanding of biogeochemical cycles in the atmosphere and hydrosphere. 
Fortunately, the vast extent of glacierized regions in the high mountains of central Asia 
provide several locations from which to recover high resolution glaciochemical records 
(Fig. 1.1). The mountains of central Asia extend well above the planetary boundary layer 
and thus the recovery of snow and ice samples from elevations in the range of 4500 to 
7000 meters above sea level (600-450 milli bar level) and higher is possible, providing a 
unique opportunity to improve our understanding of geochemical cycling in the mid- and 
upper-troposphere (Fig. 1.2).
The focus of the research presented in this dissertation was the development and 
interpretation of a regional scale data set which describes the spatial and seasonal variation 
of snow and aerosol chemistries, and snow and eolian dust deposition, in the mountains of 
central Asia. Snow, ice and aerosol samples were collected from high elevation 
accumulation zones in glaciers basins throughout central Asia during six separate field 
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5Table 1.1. Summary of field seasons in the mountains of central Asia




1988 June - August Karakoram Hispar Glacier 5150
1989 April - May Tien Shan Glacier No. 1 4140
Bogda Feng 3500
1990 July - August Tanggula Shan Mt. Geladaindong 5950
Eastern Kun Lun Meikuang Glacier 5760
1990 October - November Eastern Himalaya Ngozumpa Glacier 5700
1991 August - September So. Tibetan Plateau Xixabangma 6140
Qiang Yong Glacier 5850
1992 September - October Pamirs Mustagh Ata 5910
and can be separated into four distinct regions on the basis of their landscape, as defined by 
Alekseyev et al., (1988), and/or on the basis of their climatic regime (i.e., relative influence 
of monsoonal versus westerly air masses) as reviewed by Barry and Chorley (1982); Li 
and Xu (1984); Hastenrath (1985); Chang and Krishnamurti (1987); Fein and Stephens 
(1987); and Domros and Peng (1988)
(1) The southern slopes of the eastern Himalaya are characterized by extreme relief; 
mixed forest and small scale agriculture dominate below 4500 m asl while glaciers and 
mountains dominate above this elevation. Precipitation is derived from monsoonal air 
masses during the summer and from westerly depressions during the winter (Inoue, 1976; 
Yasunari, 1976; Barry, 1981).
(2) The Karakoram and western Himalaya also exhibit extreme relief. The exceptional 
elevation and concentration of peaks over 6000 m asl in the Karakoram produce an 
effective barrier for air masses transported with the mid-latitude westerlies. Orographic 
lifting of westerly derived air masses throughout the year results in very high snow 
accumulation above 4000 m (Wake, 1989). Occasionally, summer snowfalls result from 
the incursion of monsoonal air masses (Finsterwalder, 1960; Wake, 1989). The western 
Himalaya receives a greater portion of its precipitation from monsoonal sources. Arid and
6semi-arid conditions predominate below 4000 m in the Karakoram and western Himalaya 
due to the rainshadow effect and desiccating down-valley wind systems.
(3) The south-eastern regions of the Tibetan Plateau are characterized by extensive 
grassland steppes punctuated by isolated mountain massifs. This region receives most of 
its precipitation from summer plateau monsoon circulation (Murakami, 1976; Domrbs and 
Peng, 1988)
(4) The northern and western regions of the Tibetan Plateau are characterized by semi- 
arid and arid regions. There are also several large desert basins on the northern and 
western margins of the Tibetan Plateau such as the Taklamakan Desert, the Qaidam Basin, 
the Junggar desert as well as deserts in Kazakhstan, Kyrgyzstan, Tajikistan and 
Uzbekistan.
Atmospheric circulation in central Asia is characterized by a marked seasonal shift 
in wind systems associated with the Asian monsoon (Fig. 1.3) (Barry and Chorley, 1982; 
Hastenrath, 1985; Chang and Krishnamurti, 1987; Fein and Stephens, 1987). During the 
winter the westerly jet stream is split into two branches, one passing to the north and one to 
the south of the Tibetan Plateau. In May and June the southern jet stream slowly weakens, 
and by mid-June is replaced by an easterly jet stream, as the summertime high level 
anticyclone develops over the Tibetan Plateau. During the summer, Indian summer 
monsoon circulation transports moisture from the Bay of Bengal and Arabian Sea into the 
Himalaya. Moisture from the Bay of Bengal is also carried into the eastern portions of the 
Tibetan plateau via summer plateau monsoon circulation (Murakami, 1976; Domros and 
Peng, 1988). The peak in dust storm activity throughout Asia occurs during the spring and 
early summer months, although dust storms do occur at other times of the year (Middleton, 
1986; Merrill et al., 1989). Understanding the dominant circulation and landscape patterns 
provides the framework to determine the source of spatial variation in aerosol and snow 
depostion in central Asia.
The body of this dissertation consists of five sections (II through VI), each of 
which represents a paper that has already been published (Wake et al., 1990; 1992), is in 
press (Wake et al., in press) or has been submitted for publication (Wake et al., in review 
a, b). Other papers dealing with Asian snow chemistry that have been published or are in 
press but are not presented here include Wake and Mayewski (1992; in press). Each 
section of the dissertation contains its own abstract, introduction, review of methods, 
presentation and discussion of results, conclusions, acknowledgments, and reference list.
A complete reference list is also included at the end of the dissertation. All of these papers 
deal with a different aspect of our glaciochemical and aerosol research in central Asia. 
Together, these papers provide an improved understanding of the sources and depostion
7a) Winter
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Figure 1.3. The general circulation pattern over southern Asia in (a) winter, and (b) 
summer (after Barry and Chorley, 1982). Dashed lines represent air flow at about 600 
meters. Solid lines represent air flow at 3000 meters in (a) winter, and 6000 meters in (b) 
summer. The names refer to wind systems aloft. The cross-hatched area represents the 
Tibetan Plateau.
8of major ions and particles in central Asia.
Section II (A Review of Central Asian Glaciochemical Data) provides a review of 
all published glaciochemical data developed from snow and ice samples collected prior to 
1990. This compilation emphasized the temporal and spatial limitations of the existing data 
set and stressed the need for a systematic approach for collecting and analyzing snow and 
ice samples from central Asia. The interpretations presented in this early paper are 
reviewed in the concluding section in light of our improved understanding of the major 
sources of ions and particles in central Asian snow.
Section III (Anthropogenic Sulfate and Asian Dust Signals in Snow from the Tien 
Shan, Northwest China) represents an overview of the major ion, organic acid, methyl 
sulfonic acid (MSA), and hydrogen peroxide content of snow samples collected during the 
1989 field season in the Tien Shan, northwest China. While the major ion content of snow 
is dominated by inputs of desert dust, anthropogenic emissions clearly influence the sulfate 
and organic acid content of the snow downwind from Uriimqi, the major industrial city in 
that region of China.
Section IV (The Chemical Composition and Distribution of Aerosols over the 
Eastern Himalaya and Tibetan Plateau During Low Dust Periods) discusses the water 
soluble ion chemistry from 23 aerosol samples collected from four different high elevation 
(> 5000 m asl) sites in the eastern Himalaya and Tibetan Plateau. While the samples are 
temporally limited, they represent the first spatial investigation of aerosol chemistry in 
central Asia. This data also provides the means to compare aerosol chemistry in the remote 
Asian troposphere with that in other remote regions of the globe.
Section V (Regional Distribution of Monsoon and Desert Dust Signals Recorded in 
Asian Glaciers) and section VI (Modem Eolian Dust Deposition in Central Asia) provide a 
detailed survey of the spatial and seasonal variation of snow chemistry and eolian dust 
deposition in the mountains of central Asia. The data base provides the framework for 
determining the sources of major ions and particles deposited in central Asian snow as well 
identifying glacier basins whose glaciochemical and dust deposition records are sensitive to 
annual to century scale variation in monsoonal and westerly circulation, and the long-range 
transport of Asian dust.
The final section ("Concluding Remarks") provides a unified interpretation of the 
whole data set. Additionally it reviews the progress that has been made in fulfilling the 
original goals of our Asian glaciochemical and aerosol sampling program and outlines 
directions for future research.
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Section II was published in the conference proceedings front the International 
Glaciological Society -Symposium on Ice and Climate, Seattle, Washington, August 1989. 
(fu ll reference appears in the Introduction section o f the dissertation)
NOTE: The references in this paper have been updated since the original publication.
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I I .  A  R e v i e w  o f  C e n t r a l  A s ia n  G l a c i o c h e m i c a l  D a t a
A BSTRA CT
The glaciers of central Asia provide suitable locations from which to recover 
continuous, high resolution glaciochemical records on a continental scale. Although the 
glaciochemical investigations undertaken to date in central Asia are few in number and 
limited in terms of spatial coverage and length of record, some preliminary observations 
can be made concerning regional and seasonal trends in snow chemistry in this region.
The sodium chloride ratio for most snow samples collected in central Asia 
approaches the ratio found in sea water (0.86 in neq kg '1), reflecting a marine source for 
these constituents. Sodium and chloride concentrations are, on average, 3-10 times higher 
in the Himalayas than in the Karakoram, demonstrating the greater influence of monsoonal 
sources of moisture in the Himalaya. Very high sodium concentrations from Khel Khod 
glacier probably reflect a local crustal source from surrounding ice free areas. Low nitrate 
concentrations were found in snow collected from the southern margin of the Himalayas 
and high concentrations in snow deposited on the north margin of the Himalayas. This 
strong regional trend in the spatial distribution of nitrate suggests the influx of continental 
aerosols, rich in nitrate, originating from the arid regions of central Asia. High calcium 
concentrations measured in snow from M t Everest and the northwest comer of China are 
also indicative of dust derived from the arid regions of central Asia. Very high sulfate 
concentrations found in snow from Bogda Feng reflect local anthropogenic sources. The 
altitude effect on isotopic composition is not apparent from snow samples collected in 
central Asia.
Understanding the processes which control the chemical content of snow, the local 
to regional scale complexities, and the seasonal variability are fundamental steps necessary 
in order to assess the potential for recovering representative long-term glaciochemical 
records from central Asia.
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IN TRO D U CTIO N
The recovery and analysis of snow and ice samples from snowpits and ice cores 
have proven extremely valuable in producing continuous records of atmospheric chemistry 
and climate (eg., Lorius et al., 1985; Mayewski et al., 1986a). Furthermore, records from 
glaciochemical investigations are especially important when direct observations and 
measurements of the atmosphere are either spatially and/or temporally lacking.
The vast extent of glacierized regions in the high mountains of central Asia (Figure
II. 1) provides several suitable locations from which to recover glaciochemical records. The 
recovery of snow and ice samples from elevations in the range of 4500 to 7000 m above 
sea level (asl) provides a unique opportunity to investigate geochemical cycling in the free 
troposphere. Glaciochemical records can be used to identify patterns of regional 
circulation, sources of moisture, sources and distribution of chemical species in the 
atmosphere and regional fluxes of chemical species which relate to biogeochemical cycles 
(Mayewski et al., in press). Data sets describing the spatial and seasonal variation of 
snow chemistry in central Asia will provide useful input for ongoing global change 
research efforts such as the International Geosphere-Biosphere Program (National 
Academy of Sciences, 1986) and the Global Tropospheric Chemistry Program (National 
Academy of Sciences, 1984). This paper reviews the glaciochemical data which has been 
collected from central Asia and provides some preliminary observations concerning 
regional and seasonal trends in central Asian snow chemistry.
EX ISTIN G DATA SETS
Table II. 1 provides a listing of the glaciochemical investigations that have been 
undertaken in the high mountains of central Asia and Table n.2 provides a detailed 
summary of the chemical characteristics of central Asian snow. Perhaps the single most 
obvious fact that emerges for this vast region is that the existing data set is limited both 
spatially and temporally. However, data is now also available from the Dunde (Thompson 
et al., 1989) and Chongce (Nakawo et al., 1990) ice cores.
Glaciochemical data is only presently available for sites on the southern margin of 
the mountain ranges of central Asia (Himalaya and Karakoram, Figure n. 1) and from the 
Tien Shan in northwest China. Additionally, only the records from the Biafo, Sentik, Khel 
Khod and Yala Glaciers extend for more than one year (Table n.3). Snow chemistry data
15
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Figure II. 1. Principal mountain ranges and glaciochemical sample collection sites (prior 
to 1990) in central Asia. The M t Everest and Khumjung Village sampling sites 
discussed in the text are in the Kumbu Himal (site 4).
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Biafo Glacier 4650-5520 198 snowpits 1983- 86 Wake (1987a. b; 1989)
K2 North Glac. 4440/5320 83 2 cores na Dahe (unpublished)
WESTERN HIMALAYA 
Sentik Glacier 4908 104 core 1962- 80 Mayewski et al. (1984);
Khel Khod Glacier 4695 19 core 1977- 79
Lyons and Mayewski (1983) 
Mayewski et ail. (1981)
CENTRAL/EASTERN HIMALAYA 
Dunagiri 4400-6050 16 surf.snow 8/78 Niewodniczanski (1981)
Yala Glacier 5400 55 core -70  yrs. Watanabe et al. (1984)
Xixabangma Pk. 5850 6 fresh snow 5/84 Mayewski et al. (1986b)
Mt Everest. 5600-7100 120 fresh snow 4/86-5/86 Spencer (unpublished);
Kumjung Village 3900 6 surf.snow 12/82-1/83
Jenkins et al. (1987) 
Davidson et al. (1986)




6130/6366 ?? 2 cores -30/60 yrs Nakawoetal. (1989)
TIEN SHAN
Urumqi R.- Glac 1 3450-4110 37 surf.snow 9/88-4/89 Wake et al. (1992)
Bogda Feng 1940-3550 38 surf.snow 9/88-4/89 Wake et al. (1992)
QIL1AN SHAN
Dunde Ice Cap 5250-5400 60 snowpits 1981-86 Thompson et al.( 1988)
Dunde Ice Cap 5450 na 3 cores na Thompson et al. (1989)
*n  is the number of samples collected; Here, na means not available.
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Table II.2. Arithmetic mean concentrations of chemical species in central Asian snow.
(For references see Table II. 1)
Biafo Sentik Khel
Khod




No. of samples 198 104 19 55 6 120 6 51 26
Ca^+ min ______ _____ ___ _ _____ 1.5 9.2 5.1
max — — --------- --------- — 176 --------- 332 405
mean — — -------- --------- — 32.1 19.0 60.7 66.7
std.dev. — — --------- --------- — 32.2 — 77.7 86.5
Na+ min 0.1 0.03 0.1 ____ 2.2 0.1 0.6 0.4
max 27 28 79 --------- 12 83 — 316 604
mean 1.1 3.0 15.6 10.9 5.2 7.5 3.9 27.9 44.0
std.dev 2.2 4.1 22.5 9.6 4.0 14.2 — 65.5 120
C l' min 0.1 0.5 ___ ____ 1.9 0.2 . __, 0.5 0.5
max 11 30 — --------- 15 64 — 74 86
mean 1.1 3.0 9.9 5.3 6.1 — 9.3 9.0
std.dev 1.1 4.7 7.3 4.9 8.8 — 16.4 15.7
NO3'  min 0.1 0.1 ___ 2.7 1.3 r . . . 1.1 1.1
max 12 4.4 — 9 18 — 13 16
mean 2.9 1.4 2.1 6.3 4.5 4.7 3.7 6.0
std.dev 2.0 1.0 1.6 2.7 2.7 — 2.7 3.5
2-
SO4 min 0.1 . . .  . . __ 1.9 0.6 2.0 5.0
max 12 --------- — --------- 12 39 — 187 557
mean 2.2 --------- — 4.8 7.7 5.7 2.9 23.3 51.1
std.dev 1.9 --------- — 4.4 4.6 5.4 — 40.9 102
SiC>2 min — 0.01 0.05 _____ — 0.04 — — —
max — 97 12 — — 3.4
mean — 7.1 2.8 — — 0.5 — — —
std.dev. — 14.0 3.3 — — 0.5 — — —
Na:Cl§ mean 0.88 1.24 1.08 1.05 — 2.3 2.6
Calcium, sodium, chloride, nitrate and sulfate concentrations in peq k g '1; reactive silicate concentration in 
p  mol k g '1.
§Na:Cl ratio in peq k g '1 (in seawater Na:Cl ratio is equal to 0.86)
*This data corresponds to the full 120 samples analyzed and not to the 100 samples presented by Jenkins et 
al. (1987).
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* Only eight of the investigations listed in Table 1 have published ion concentration data..
recovered from the other southern margin areas (i.e., Kumjung Village, Ml Everest and 
Xixabangma Peak) represent samples of an individual, or a series of individual snowfall 
events covering a rather short period of time (i.e., less than one month). In addition, the 
types of chemical species and stable isotopes analyzed differ between studies, limiting 
comparison among the investigations.
SAM PLE LOCATIONS
The glaciochemical sample locations listed in Table n.2 fall into three broad climatic 
zones. The Biafo, Khel Khod and Sentik glaciers are characterized by precipitation sources 
from both the west and the south. In this region snow accumulation increases toward the 
west as a result of increasing influence of precipitation derived from westerly moisture 
sources. The upper Biafo Glacier consists mainly of extensive open and gently sloping 
accumulation areas covering over 500 km2. The percentage of ice free area surrounding the 
accumulation zone is minimal. Glaciochemical samples were collected from snowpits 
excavated from 4650 to 5520 m asl. The aspect of these collection sites varied from east to 
south to west. The northward facing Sentik Glacier is one of several glaciers emanating 
from the Nun Kun Plateau (325 km2). While the plateau is largely ice covered, extensive 
areas surrounding the plateau are ice free. Khel Khod Glacier is one of several relatively 
small (<10 km2) glacier basins in Kashmir. It faces southwestward and is surrounded by 
ice free areas.
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Sample collection sites in the central Himalaya, including Yala Glacier, 
Xixabangma peak, Mt. Everest and Kumjung village are characterized by a monsoonal 
maritime type of climate (Li and Xu, 1980). This region experiences heavy precipitation 
during the summer monsoonal period. Yala glacier covers an area of 2.6 km2, flows in a 
north-easterly direction, and is surrounded by extensive ice free areas. Fresh snow 
samples from Xixabangma and Ml Everest were collected from relatively high elevation 
sites (5850 m and 5600-7100 m asl, respectively) on the north side of the mountains, in an 
elevation band where perennial snow and ice dominate. The Kumjung village fresh snow 
samples were collected at a much lower elevation (4900 m asl) adjacent to a small village.
The Tien Shan mountains in north-west China experience an inland continental 
climate. Moisture is derived primarily from the west and the north (Li and Xu, 1980).
Both Glacier No. 1 at the headwaters of the Urumqi River is small (<2 km2), and 
surrounded by extensive ice free areas. Samples from Bogda Feng were collected from a 
0.5 meter seasonal snowpack in a snow covered valley.
The preservation of chemical records in snow and ice deposited in high 
aldtude/low-mid latitude glaciers depends upon glacier basin morphology and local 
meteorological conditions. Sample locations which are removed from the effects of 
avalanches, little affected by redistribution of snow by the wind, experience low mean 
annual temperatures and high rates of annual snow accumulation and are most likely to 
develop relatively undisturbed glaciochemical records. A qualitative assessment of the 
degree of post depositional alteration of snow and ice samples collected in central Asia 
appears in Table II.4.














Biafo acc. basin 4650-5520 -4.5** 0.9-2.5 low none low
K2 North acc. basin 5320 ---- ---- low high high
Sentik acc. basin 4908 -3.0 0.62 low none low
Khel Khod circ glacier 4695 ---- 0.48 ? 7 low-med
Dunagiri ridge 4400-6050 ---- ---- low none low
Yala Glac. acc. basin 5400 0.0 0.60 ? 7 high
Xixabangma acc. zone 5850 ---- ---- low none low
Mt. Everest acc. zone 5600-7100 ---- ---- low low low
Kumjung near village 3900 ---- ---- low low low
Kongma ice cliffs 5650 ---- 0.58 7 7 med-high
Tien Shan acc. basin 3450-4110 -5.4*** 0.43 low low low
Dunde icecap 5250-5400 -5.4 0.20 7 low low-med
* from -10  m borehole temperatures; **measured at 5450 m; *** from meteorological records at 3590 m
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D ISC U SSIO N
Although the glaciochemical investigations undertaken to date are few in number 
and limited in terms of spatial coverage and length of record, some preliminary 
observations can be made concerning regional and temporal trends in snow chemistry and 
their importance in helping to understand regional atmospheric circulation and atmospheric 
chemistry in central Asia. Figure II.2 illustrates the mean concentrations of sodium, 
chloride, nitrate and sulfate in snow collected from the mountains in central Asia. The 
columns in the histograms, from left to right, are roughly arranged west to east (except for 
the Glacier No. 1 and Bogda Feng sample locations). In interpreting the data, more weight 
is given to the glaciochemical data recovered from the Biafo and Sentik glaciers since the 
records from these two regions extend for more than one year and were recovered from 
areas that experienced minimal post-depositional alteration, and since sodium, chloride and 
nitrate concentrations were determined for both studies.
Both sodium and chloride show strong regional trends with the lowest values in the 
Karakoram, and progressively higher values toward the south-east. This regional trend 
clearly demonstrates the increased influence of monsoonal derived moisture in the 
Himalayas when compared with the Karakoram. Seasonal signals apparent in records from 
the Karakoram (Wake, 1989) and western Himalaya (Mayewski et al., 1984) are 
characterized by relatively higher concentrations of sodium and chloride in summer strata. 
This is indicative of the influx of moisture derived from the Arabian Sea which is then 
transported to the mountains by summer monsoonal circulation. Winter strata are 
characterized by overall lower concentrations of sodium and chloride, reflecting moisture 
derived from distant marine sources such as the Mediterranean Sea and/or Adantic Ocean. 
The sodium:chloride ratio for samples collected from the Biafo and Sentik glaciers, 
Xixabangma peak, and Mt. Everest (Table n.3) approach those found in sea water (0.86 
peq k g '1) . Thus, most of the sodium and chloride entering the region is derived from 
marine sources. The slightiy higher sodiumxhloride ratio for the Sentik Glacier samples 
implies an additional source of sodium. Snow from Sentik Glacier is also characterized by 
high concentrations of reactive silicate (Table II.2). The elevated sodium and reactive 
silicate values suggest inputs of crustally-derived material. The very high sodium values 
observed in samples from Khel Khod Glacier cannot be easily interpreted in terms of a 
regional trend as they most likely reflect a local crustal source from surrounding ice free
N a
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Figure II.2. Arithmetic mean major ion concentrations in snow collected from central 
Asia. The columns, from left to right, are arranged roughly west to east (except for the 
Glacier No. 1 and Bogda Feng sample locations).
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areas. The high sodium and chloride concentrations in snow from the Glacier No. 1 and 
Bogda Feng most likely represent an input of sodium and chloride rich dust originating 
from the extensive evaporite deposits to the north and west of these mountain ranges.
Low nitrate concentrations were found in snow collected from the southern margin 
of the Himalayas (Sentik and Yala Glaciers) and high concentrations in snow deposited on 
the northern margin of the Himalayas (Biafo Glacier, Xixabangma Peak, and Mt. Everest). 
This strong regional trend in the spatial distribution of nitrate suggests the influx of 
terrestrial dust, rich in nitrate, originating from the extensive arid regions of central Asia. 
From an analysis of nitrate values in snow around the world, Lyons et al. (1990) found 
that aerosols derived from continental interiors tend to be rich in nitrate. In addition, snow 
samples from Mt. Everest and the northwest comer of China show extremely high calcium 
concentrations (Table II.2), indicative of dust derived from the arid regions of central Asia.
Sulfate values are approximately 2 to 3 times higher in samples collected from Yala 
Glacier, Kumjung Village, Xixabangma Peak, and Mt. Everest compared to samples from 
Biafo Glacier. Excess sulfate (non sea-salt) accounts for 90-95% of the total sulfate 
measured at all five sites. The elevated sulfate concentration in these samples could be due 
to an influx of anthropogenic emissions from the Indian subcontinent, transported to the 
Himalayas with monsoonal circulation. However, Mayewski et al. (1983) suggest that 
monsoonal air masses tend to dominate at lower elevations with more pristine air aloft. The 
calciunr.sulfate ratio in snow from Mt. Everest is 0.17 suggesting that about one-fifth of 
the calcium and sulfate could enter the region in the form of gypsum (CaSC>4) rich dust 
from the arid regions of central Asia. Very high sulfate concentrations found in snow from 
Bogda Feng reflect local anthropogenic sources (Wake et al., 1992).
Strong seasonal signals are present in 8180  records from both the Sentik 
(Mayewski et al., 1984) and Biafo (Wake 1987b; 1989) glaciers, and have proven very 
useful in identifying seasonal stratigraphy. Strong seasonal variations of 8D values were 
observed in precipitation collected in the Khumbu Himal; low 8D values occurring in 
summer monsoonal rains are caused by removal of the heavy isotopic component in steady 
monsoon rains as they track across the Indian subcontinent (Wushiki 1977a, b). 8 180  
values derived from longer term records (i.e., greater than one year) and from individual 
samples of surface snow collected over a range of elevations, albeit from a limited number 
of sites, show no apparent trend with elevation (Figure II.3). This is not surprising as 
factors other than temperature, such as source area, transport history and local 
meteorological conditions, can strongly affect the isotopic composition of snow in 
mountain areas (Niewodniczanski et al., 1981; Grootes et al., 1989). A good relationship
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exists between mean annual temperature and 8 ^ 0  values for samples collected from Biafo, 
Sentik and Yala glaciers (Figure n.4). On the other hand, the Dunde Ice Cap experiences a 
very different climatic regime as it lies in the center of a very arid region of central Asia. It 
is classified as an inland continental glacier (Li and Xu, 1980), with a net annual 
accumulation of 0.2 meters water equivalent This might explain the poor relationship with 
the Biafo and Sentik data.
CONCLUSIONS AND PER SPEC TIV ES
While limited in spatial and temporal distribution, the glaciochemical data thus far 
collected reveals local and regional trends, including a marine influence (sodium and 
chloride), a local crustal dust influence (sodium and reactive silica), a regional dust 
influence (nitrate and calcium) and an anthropogenic influence (sulfate) on snow deposited 
in central Asia.
As our knowledge of central Asian snow chemistry evolves, it is apparent that new 
programs ought to incorporate analyses of a wider variety of chemical species in order to 
determine the relative importance of various sources (eg., marine, crustal, biogenic, 
anthropogenic, volcanic). For example, marine sulfate could be quantified by measuring 
methyl sulfonic acid. Inputs from the arid regions of central Asia and local crustal debris 
could be identified by measuring the aluminum, sodium, calcium, magnesium, reactive 
silica and iron content of the samples. A potential volcanic source of sulfate could be 
identified by looking at the microparticle, chloride and fluoride concentrations, and sulfur 
isotope ratios. The remaining excess sulfate would most likely be due to anthropogenic 
activity. Anthropogenic influence could be quantified by analyzing the snow for such 
constituents as ammonium, nitrogen and sulfur isotopes, and various trace metals. 
Stratospheric versus tropospheric inputs can be distinguished using 7Be as a tracer. In 
addition we must also improve our understanding of the air/snow fractionation processes 
which dominate in the different climatic regimes of the area. We are in the process of 
developing this type of data set for snow samples collected from selected sites throughout 
central Asia
The glaciochemical record contained in central Asian glaciers represents an 
extremely valuable, yet virtually untapped, resource. However, depending upon the sample 
location, glaciochemical records recovered from central Asian glaciers could potentially be 
swamped by high levels of marine, continental dust and/or anthropogenic inputs; a problem 
less prevalent in polar regions. Therefore, understanding the processes which control the
25
chemical content of snow, the local to regional scale complexities, and the seasonal 
variability are fundamental steps necessary in order to assess the potential for recovering 
representative long-term glaciochemical records from central Asia.
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F r o m  T ie n  S h a n , n o r t h w e s t  C h i n a
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Human Activities, Lanzhou , China, August 1991 
(full reference appears in the Introduction section o f the dissertation)
29
I I I .  A n t h r o p o g e n i c  S u l f a t e  a n d  A s i a n  d u s t  S i g n a l s  in  
S n o w  F r o m  T i e n  S h a n , N o r t h w e s t  C h i n a
A BSTRACT
Snow samples were collected from a 0.5 m snowpack at Glacier No. 1 and near 
Bogda Feng, eastern Tien Shan, northwest China. The samples melted in the field were 
analyzed for chloride, nitrate, sulfate, sodium, potassium, magnesium, calcium, and 
microparticles. Eight samples were returned frozen and were analyzed for the above ions 
plus ammonium, acetate, formate, MSA, and hydrogen peroxide. There was no significant 
difference in measured major ion concentrations between the melted and frozen samples. 
Measured cations in both sets of samples were two to three times greater than measured 
anions. Calcium and sodium are the dominant cations, while sulfate is the dominant 
measured anion. High ion burdens are associated with dusty layers in the snowpack 
indicating that dust from the vast arid regions of central Asia is the dominant source for 
major ions in Tien Shan snow. The significant increase in sulfate and decrease in the 
cationtanion ratio in Bogda Feng snow relative to Glacier No. 1 snow suggest that 
anthropogenic emissions from Uriimqi are an important source of sulfate to precipitation 
downwind from the city.
IN TRO D U CTIO N
The chemical composition of precipitation in eastern China is strongly influenced by 
fossil fuel combustion as well as agricultural and cultural practices (Zhao and Sun, 1986; 
Galloway et al., 1987). The primary source for the high levels of sulfate measured in 
precipitation is the oxidation of sulfur dioxide released during combustion of coal in small- 
and medium-sized furnaces and coal burning stoves (Zhao and Sun, 1986; Galloway et al., 
1987). However, few measurements of the chemical composition of precipitation in 
western China have been undertaken. The vast extent of glacierized area and thick seasonal 
snowpacks in the high mountains of western China provides several locations from which
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to recover high-resolution precipitation chemistry records without the expense and effort 
required to operate continuous monitoring stations.
The collection and chemical analysis of snow samples recovered over a wide spatial 
area have already proven extremely useful for determining, for example, the vertical 
separation of monsoonal and westerly derived air masses in northwest India (Mayewski 
and Lyons, 1983), the influence of anthropogenic pollution on precipitation chemistry in 
Canada (Schemenauer et al., 1985; McBean and Nikleva, 1986), Greenland (Mayewski et 
al., 1987), the Soviet Union (Belikova et al., 1984), and Spitsbergen (Semb et al., 1984), 
and the spatial variation and sources of major ions in precipitation in central Asia (Wake et 
al., 1990), central Greenland (Mayewski et al., 1990) and the world (Lyons et al., 1990). 
Further, understanding the spatial variation in snow chemistry and determining the relative 
importance of local versus regional chemical inputs are fundamental steps in confidently 
identifying glacier basins from which representative long-term glaciochemical records can 
be recovered.
As part of an ongoing glaciochemical research program in the mountains of central 
Asia, snow samples were collected from two different watersheds in the Tien Shan 
mountain range of northwest China. The chemical composition of these samples show the 
influence of Asian dust and anthropogenic emissions on levels of selected carbon, nitrogen, 
and sulfur species in snow from the Tien Shan.
SITE D ESCRIPTIO N
Snow samples were collected from Glacier No. 1 at the headwaters of the Urumqi 
River (hereafter referred to as Glacier No. 1) and adjacent to Bogda Feng. Both locations 
are in the eastern Tien Shan in northwest China; the sample sites are separated by 120 km 
(Figure III. 1). The Tien Shan is bounded on the north by the Junggar, Pesk Sary 
Ishikotrau and Muyun Kum deserts, on the south by the Taklamakan desert and on the east 
by the Gobi Desert. Very little is known concerning the chemical composition of surface 
desert materials in this region (Dregne, 1968). The gravelly, medium, and fine textured 
soils are probably calcareous. Soil salinity becomes greater toward and within deserts; 
many depressions within the deserts are very saline as a result of evaporation of water that 
collects in the depressions in spring (Dregne, 1968).
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Glacier No. 1 lies approximately 50 km northeast of the Rear Gorge (Houxia), 
which is the site of the Yaojin steel factory and a cement plant. Coal and iron are mined in 
the surrounding hills. Meteorological data from the Tien Shan Glaciological Station (five 
km up valley from Houxia) indicates that daytime up valley winds transport air from the 
Rear Gorge towards Glacier No. 1. Open valleys several hundred meters above tree line 
characterize the headwaters of the Urumqi River. Glacial coverage is limited to small 
cirque and hanging glaciers; the valley also holds extensive moraine deposits. Glacier No.
1 faces northwest and consists of two branches (east and west arms); its area is 1.84 km2.
Bogda Feng
Bogda Feng (5570 m asl) lies approximately 60 km west, and commonly 
downwind, from Urumqi; a city of one million people and the economical and industrial 
center of Xinjiang Uygur Autonomous Region. Glaciers are restricted predominantly to the 
upper slopes of Bogda Feng. The open, glacier free valleys to the northwest of Bogda 
Feng, where samples were collected, were covered with an approximately 0.5 m deep 
snowpack in April 1989.
METHODS 
Sample Collection
Extreme care was taken at all times during sample collection, handling, transport, 
and analysis to assure sample integrity. Non-particulating clean suits and hoods, plastic 
gloves and particle masks were worn during all sampling procedures. Prior to use all 
sample tools and containers were rinsed, soaked, and rinsed again with Milli-Q™
(Millipore Corp., Bedford, MA) deionized water. Analyses of duplicate samples as well as 
transport and laboratory blanks demonstrate that sample contamination during sample 
transfer, transport and subsequent analytical procedures was negligible.
In mid-April 1989, samples of the entire seasonal snowpack (= 0.5 m of snow) 
were recovered from snowpits excavated on the east and west arms of Glacier No. 1, and 
from two snowpits approximately 7 km northwest of Bogda Feng (Table ID. 1). Samples 
were collected over glacier ice at Glacier No. 1 and over the ground at Bogda Feng. Just
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Table III. 1. Snow samples collected from the Tien Shan 
for chemical analysis
date elev (m asl) n
G l a c i e r  N o . 1
snowpit 1 11 April 3960 13
snowpit 2 12 April 4140 14
B o g d a  F e n g
snowpit 3 16 April 3450 14
snowpit 4 17 April 3550 9
n is the number of samples analyzed
prior to sample collection the outer 30 cm of the snowpit wall was scraped away using a 
precleaned acrylic scraper. Snowpit samples were collected over a continuous vertical 
section at 4 cm intervals using a custom made sample tool. The samples were placed in 
125 ml sample containers, melted in the field and transferred into leakproof 20 ml vials for 
transport to the University of New Hampshire (termed "melted" samples). Eight sets of 
duplicate near surface snow samples (0 to 20 cm from the upper snow surface) were 
collected (three from Glacier No. 1 and five from Bogda Feng) and placed in insulated 
shipping containers with pre-frozen eutectic mixtures. These samples were returned to 
UNH in a frozen state and are referred to as "frozen" samples.
Temperature of the snowpack at 0.10 m depth during the day ranged from -6°C 
to - 10°C at Glacier No. 1 and was constant at -4°C at Bogda Shan. Air temperature 
measured during snowpit sampling periods was at or below 0°C.
L ab o ra to ry  A nalysis
Snow samples were analyzed for anions (chloride, sulfate, and nitrate) and cations 
(sodium, ammonium, potassium, calcium, and magnesium) using a Dionex™ Ion 
Chromatograph Model 2010 with computer driven auto sampler in the laboratories of the 
Glacier Research Group at the University of New Hampshire. Snow samples were not 
filtered prior to analysis. Ammonium is only quoted for analyses conducted on frozen 
samples. The anion system employed a Dionex™ AS4A anion exchange column in
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conjunction with an anion guard column and a 1.7 mM NaHCC>3/2.08 mM Na2CC>3 eluent. 
The cation system consisted of cation-I and cation-II fast columns with an 18 mM HC1 
eluent with 0.35 mM diaminopropionic acid monohydrochloride (DAP). A sample loop of 
0.5 ml was used in both systems. Ten samples were analyzed in duplicate using two 
separately drawn samples. This procedure resulted in a standard deviation from the mean 
of less than 5% for anions and less than 7% for cations. Microparticle concentrations over 
a size range of 0.65 to 12.88 fim were measured using an Elzone 280PC particle counter.
Acetate (CH3HOO"), formate (CHOO ), methylsulfonate (CH3SO3') and hydrogen 
peroxide (H2O2) analyses were undertaken only on frozen samples. Samples were 
analyzed for acetate, formate and methylsulfonate using a Dionex QIC ion chromatograph 
with a Dionex™ AS4 anion exchange column and a 0.4 mM Na2CC>3 eluent. Peroxide was 
analyzed using the fluorometric technique described in Lazrus et al. (1985).
RESULTS 
Physical Stratigraphy
The physical stratigraphy of the snowpack was similar at both sample locations 
even though the snowpack overlay glacier ice at the Glacier No. 1 and ground at Bogda 
Shan. Fifteen to twenty centimeters of snow from two separate snowstorms in early April 
(termed near surface snow) lay on top of 30-50 cm of depth hoar (Figure III.2). Two to 
three dust layers 1 to 2 cm thick were apparent in all four snowpits. At the elevations 
where snow samples were collected (Table M .l) the entire snowpack melts during the 
summer ablation period. The snowpack in April therefore contained only snow deposited 
during the winter 1988-89 and spring 1989 and thus represented approximately six months 
of accumulation. Total water equivalent of the snowpack varied from 0.10 to 0.17 m.
Chemistry - Frozen Samples
The near surface snow samples which remained frozen until just prior to analysis 
show a wide variation in concentration of chemical species measured (Table III.2). 
However, much of the cation content is likely solubilized when the samples are melted. 
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Figure III.2. Major ion concentration, physical stratigraphy and microparticle concentration profiles in 
samples collected from Snowpit no. 1 at 3960 m asl on the west arm of Glacier No. 1. Glacier ice lay 
under the O.S m snowpack. Note the good correlation between high concentrations of Na+, Ca2+ and 
SO42' with high microparticle concentrations and visible dust layers in the snowpack.
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Table III.2. Ion concentrations in individual "frozen" samples of near-surface snow
type of 
snow
Na n h 4 K Mg Ca CH3COO CHOO 
(ion cone in qeq k g '1)
Cl N03 S04 H20 2
(ppb)
dirty 164 20.0 2.8 18.1 285 2.1 21.7 58.7 9.3 158 0.4
dirty 226 24.4 3.6 20.6 243 1.9 22.2 69.1 11.3 206 0.4
dirty 218 23.3 5.6 27.1 350 1.8 21.4 68.3 11.0 198 0.4
clean 6.1 15.0 0.5 2.5 45.9 2.7 4.4 2.1 4.2 13.1 9.5
clean 28.3 11.6 1.0 9.9 127 2.6 8.0 11.2 3.7 35.3 0.5
clean 52.2 18.3 1.5 10.7 171 2.4 13.0 25.2 5.5 58.6 0.0
clean 5.7 13.3 0.5 2.5 27.4 2.5 4.9 1.9 4.5 12.4 7.1
clean 15.2 8.3 0.5 4.9 70.4 4.5 3.4 4.8 2.1 17.2 2.8
The ion balance of the frozen samples was calculated using the microequivalent per 
kilogram ([teq kgr1) concentrations of all measured ions:
AC=[Na+]+[NH4+]+[K+]+[Mg2 +M C a2+] - [HCOO-] - [CH3COO'] - [Cl ] - [NO3 I  - [SO4 2']  (III. 1)
Ammonium concentration in the frozen samples accounts for three-quarters of nitrogen 
measured and 12% of the total cation burden. Acetate and formate account for 8% of the 
total anion burden. Acetate displays a relatively constant concentration in the frozen 
samples, while formate shows a wide range of concentrations which correlate well with 
variations in sulfate (r2=0.93; n=8). In snow samples with relatively high total ionic 
burden (>300 peq kg '1), formate concentrations are 5 to 10 times greater than acetate 
concentrations. In samples with lower ionic burdens, formate accounts for 40-60% of the 
total acetate and formate load. Methylsulfonate was below detection limit of 1 part per 
billion (ppb).
Hydrogen peroxide concentrations ranged from 0.0 to 9.5 ppb, and show a rapid 
decrease with increasing sulfate. Samples with relatively high sulfate (> 30 qeq kg’1) 
contain less than 0.5 ppb hydrogen peroxide while samples with sulfate less than 20 
[teq/kg show hydrogen peroxide levels greater ranging from 2.8 to 9.5 ppb.
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Chemistry - Melted Samples
The results of chemical analysis for all snowpit samples melted in the field (n=50) 
appear in Table III.3. An ionic balance equation for the melted samples of the form
AC’ = [Na+]+[K+]+[Mg2+]+[Ca2+]-[Cl']-[N03‘]-[S042'] (III.2)
was used to determine the balance between measured cations and anions in each sample. 
This equation ignores the potential contribution from ammonium and organic acids; 
however in the frozen samples ammonium concentrations and combined acetate and 
formate concentrations were similar and therefore tend to cancel each other out.
Table III.3. Measured major ion concentrations in snowpit samples melted in the field
(ion conc. in peq kg*1)
Na+ K+ Mg2+ Ca2+ Cl* NO3- S 0 42* AC’











































In the melted samples, as in the frozen samples, the sum of major cations is 2 to 3 
times greater than the sum of major anions. Among cations, calcium shows the highest 
concentration followed by sodium. The predominant anions are represented by AC’ 
(equation III.2) and sulfate.
Linear regression on all melted samples showed that calcium and magnesium 
correlate well (r2=0.97), as do calcium and AC'(r2=0.89) and magnesium and AC' 
(r2=0.91). Sodium correlates well with sulfate (r2=0.87). All other major anion-cation 
combinations show a positive correlation with r2 ranging from 0.55 to 0.70. All 
correlation coefficients are significant at the P=0.005 level. In addition, high levels of 
sodium, calcium, chloride, and sulfate are associated with snow that was collected from a
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layer which contained visible dust and which had high microparticle concentrations relative 
to layers without visible dust (Figure II.2).
DISCUSSION AND CONCLUSIONS
Frozen Samples
The high levels of ammonium are probably a result of widespread use of fecal 
remains as a fertilizer (Galloway et al., 1987) in the agricultural regions surrounding 
Uriimqi. Norton (1985) found that high levels of organic acids, especially formate (=10 to 
100 (ieq/kg), in precipitation downwind from large urban centers are related to 
anthropogenic emissions. The high formate levels measured in the frozen snow from 
Glacier No. 1 and Bogda Feng, and the good correlation between formate and sulfate, 
suggest that anthropogenic emissions are a source of both species in the Tien Shan. The 
low levels of methylsulfonate in the snow suggest that biogenically produced dimethyl 
sulfide (DMS) is not a source of sulfur for this region (e.g., Legrand et al., 1988). 
Oxidation of sulfur dioxide can occur by reaction with hydrogen peroxide to produce 
sulfate (e.g., Penkett et al., 1979; Laj et al., 1990). A sharp drop in hydrogen peroxide 
levels in samples with high sulfate suggests that oxidation of sulfur dioxide in northwest 
China occurs via reaction with hydrogen peroxide.
Melted Versus Frozen Samples
Analysis of duplicate melted and frozen snow samples indicates there is little 
difference in the concentration of dominant ions (i.e., sodium, magnesium, calcium, 
chloride, nitrate, and sulfate) between samples that were melted in the field and those that 
were kept frozen until just prior to analysis (Figure III.3). Magnesium shows a slight 
enrichment in the melted samples in 6 out of 8 cases (i.e., ratio greater than 1, Figure
III.3); calcium displays a slight depletion in the melted samples in 6 out of 8 cases. 
However, there exists no consistent trend of enrichment or depletion of any individual ion 
in the samples that were melted. In fact, the mean ratio for ion concentration in melted and 
frozen samples falls within one standard deviation of one for all ions. This improves our 
confidence not only in the major ion concentration data from melted samples presented in 
this paper, but also in the chemical data from snow collected in the past at several different 
sites in the mountains of central Asia (Wake et al., 1990).
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Figure m .3. Ratios of ion concentrations in melted and frozen samples. A ratio greater 
than one indicates the ion concentration is greater in the sample melted in the Held. 
Melted to frozen concentration ratios for all ions fall within one standard deviation of 1.
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Figure m .4. Sulfate concentrations in snow from the mountains of central Asia. The 
sample sites are arranged approximately from west to east except for Glacier No. 1 and 
Bogda Feng sites which lie to the north of all other sample locations. For a description of 
the location and quality of snow samples collected from the Biafo Glacier, Yala Glacier, 
Xixabangma Peak and Ml Everest see Wake et al. (1990). The sulfate data from 
Ngozumpa Glacier, Ml Geladaindong, Meikuang Glacier and Chongce Ice Cap come 
from samples analyzed by the Glacier Research Group; details of these samples have not 
yet been published. The Dunde ice cap data come from Thompson et al. (1989).
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G lacier No. 1 Snow
The total ionic charge (£ ') for the melted samples from Glacier No. 1 was 
calculated using:
I ’= 2 * {[Na+]+[K+]+[Mg2+M C a2+] } (III.3)
This calculation ignores the contribution from ammonium which accounts for =10% of the 
total cation burden in the frozen samples. is therefore considered a minimum estimate 
of the total ionic burden in the melted samples.
The percentage contribution of major cations and anions to the total cation and anion 
burden were determined for each individual sample; the mean values derived from this 
calculation appear in Table M.4. For melted snowpit samples from Glacier No. 1, calcium 
and sodium are the dominant cations, accounting for 74% and 16% of the total cation 
burden, respectively; AC (equation III.2) accounts for 59%, and sulfate 23%, of the total 
anion content.
Table in.4. Relative contribution of major ions to total ion burden in snowpit samples
melted in the field
r % of total cation charge* % of total anion charge*
(|i eq kg-1) Na+ K+ Mg2+ Ca2+ Cl- NO3- SO42- AC’
G l a c i e r  N o .  1 286 16 1 9 74 12 7 23 59
B o g d a  F e n g  334 21 6 8 64 7 8 43 47
♦Percentages were computed on a sample by sample basis and then averaged. Mean values 
may not add to 100% as a result of rounding.
I '  = 2*{[Na+]+[K+]+[Mg2+]+[Ca2+]}
Williams et al. (1992) performed major ion and acid neutralizing capacity (ANC) 
measurements on snow samples collected from Glacier No. 1 and surrounding basins. The 
ANC in the snowpack comprised 61% of the total anion charge. This figure compares well
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with AC' (equation 2) contribution of 59% to the total anion burden in our snow samples 
(Table 9). Furthermore, Williams et al. (1992) suggested that the source of ANC was 
dissolution of CaCQj rich dust. The good correlation in our samples between calcium and 
AC', and the similarity between our AC' and the ANC measured by Williams et al. (1992), 
suggest that our AC’ represents primarily carbonate/bicarbonate. The position of the Tien 
Shan relative to large desert basins with predominantly calcareous material (Dregne 1968) 
provides strong evidence for a desert dust source of carbonate/bicarbonate in the snow.
The temporal variation in ion concentrations over approximately six months of 
precipitation (Figure III.2) tends to be much greater than spatial variation in ion 
concentrations over hundreds of kilometers (Table III.3). This is consistent with the 
results of Williams et al. (1992). The highest ion burden in the snowpack occurs in layers 
associated with visible debris and high microparticle content suggesting that the large 
temporal variability (Fig. 8) in ion concentration is related to changes in the input of desert 
dust to the Tien Shan region.
The high levels of bases measured in Tien Shan snow (i.e., AC', which we 
interpret as representing carbonate/bicarbonate dissolution, and the relatively high 
ammonium concentrations measured in the frozen snow samples) indicate that the 
neutralizing capacity of the atmosphere is high in northwest China. This is similar to the 
situation in northeast China (Galloway et al., 1987).
The mean value for sulfate concentration in snow from Glacier No.l (Table III.3) is 
among the highest sulfate levels measured in snow from the mountains of central Asia 
(Figure 10 and Wake et al., 1990). The high sulfate content in Glacier No. 1 snow 
combined with an anthropogenic source of sulfate originating from the nearby steel factory 
suggests that anthropogenic emissions account for at least a portion of sulfate deposited in 
this region; however with the available data it is difficult to quantify.
Bogda Feng Snow
While the ratio of measured cations to anions in Glacier No. 1 snow is 3.3, the ratio 
in Bogda Feng snow is only 1.8. This large variation in cation:anion ratio is not due to a 
decrease in cation concentrations in Bogda Feng snow; rather, it is a result of a doubling of 
sulfate levels in Bogda Feng snow (Table M.3). As with snow from Glacier No. 1, 
calcium and sodium are the dominant cations, accounting for 64% and 21% of X+, 
respectively. However, sulfate accounts for a greater percentage of 5 /  in Bogda Feng 
snow compared to snow from Glacier No. 1 (Table III.4). (AC' in Table 9 for Bogda 
Feng snow was calculated using equation III.2. However we expect that for ions listed in
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equation III.2 that 5 / is actually greater than X+ as a result of the influx of sulfate. 
Unfortunately, our data is not sufficiently detailed to determine the excess anions with an 
acceptable degree of certainty).
Among all the major ions, only sulfate displays a significant difference between 
snowpit samples collected from Glacier No. 1 and Bogda Feng (Student’s t test; 
confidence interval=0.90). All other major ions, as well as £ +, show no significant 
difference between the Glacier No. 1 and Bogda Feng samples, even at a confidence 
interval as low as 0.70. Only half of the increase of sulfate in Bogda Feng snow can be 
accounted for by increased dust input (i.e., if we assume that an increase in Na+ reflects an 
increase in dust; Table III.3). Snow from Bogda Feng contains 2 to 10 times more sulfate 
than has been measured in snow from several other mountain regions in central Asia 
(Figure III.4). The high values of sulfate in Bogda Feng snow compare well with sulfate 
levels in polluted snow surrounding major industrial regions in the USSR (Belikova et al., 
1984). The position of Bogda Feng 60 km downwind from Uriimqi combined with the 
very high levels of sulfate in snow from this region are indicative of an anthropogenic 
source for a portion of the sulfate in Bogda Shan snow.
Snow from the western Kun Lun and the Dunde Ice Cap show mean sulfate 
concentrations of 20.3 and 18.9, respectively (Figure III.4). These levels of sulfate, in 
addition to those in snow from Glacier No. 1 and Bogda Feng, are much higher that in any 
other snow samples recovered from the mountains of central Asia (Figure 111,4 and Wake 
et al., 1990). While the Glacier No. 1 and Bogda Feng sites lie adjacent to centers of 
anthropogenic emissions, which in part contribute to the observed high levels of sulfate, 
the western Kun Lun and Dunde Ice Cap sites are distant from any major industrial center. 
The position of the western Kun Lun and the Dunde ice cap adjacent to large desert basins 
(i.e. Tarim Basin to north of western Kun Lun and Qaidam basin to west of Dunde Ice 
Cap) suggests that the high sulfate levels are a result of an influx of desert-derived material. 
This in turn suggests that glaciochemical records recovered from these regions are difficult 
to interpret in terms of regional atmospheric chemistry due to swamping of regional 
chemical signals by local desert derived materials.
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IV. T h e  C h e m ic a l  C o m p o s it io n  a n d  D is t r ib u t io n  o f  a e r o s o l s
OVER THE EASTERN HIMALAYA AND TIBETAN PLATEAU DURING LOW
DUST PERIODS
Section IV  has been submitted to Atmospheric Environment fo r  publication 
(full reference appears in the Introduction section o f the Dissertation)
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IV . t h e  C h e m i c a l  C o m p o s i t i o n  a n d  D i s t r i b u t i o n  o f
A ER O SO LS OVER THE EASTERN HIM ALAYA AND T IB E T A N  
PLA TEA U  DURING L O W  DUST P E R IO D S
A BSTRA CT
Aerosol samples were collected at four high elevation sites (> 5000 m asl) in the 
mountains of central Asia. The sites extend from the southern slopes of the Himalayas to 
the northern margin of the Tibetan Plateau and are representative of the natural landscape 
variations in the highlands of central Asia. Daily samples were collected over periods of 
four days to two weeks in late summer or early autumn. This period is typically one of 
relatively low levels of dust in the Asian troposphere. Here we discuss the water soluble 
chemical composition of the aerosol samples.
Tropospheric aerosols from the south slope of the Himalayas and the 
southern/central portions of the eastern Tibetan plateau are dominated (in order of 
importance) by NH4+, SC>4=, N03" and Ca++. Concentrations of these species are 
comparable to previously reported measurements in the remote troposphere. Tropospheric 
aerosol from the north-eastern region of the Tibetan Plateau shows very high levels of 
Ca++, S 0 4=, C1‘, and Mg++ due to the influx of evaporite-rich dust derived from the 
Qaidam Basin and/or Taklamakan Desert. Our results confirm that high elevation mountain 
sites in the Himalaya and southern/central regions of the Tibetan Plateau provide isolated 
platforms above the planetary boundary layer from which to investigate the composition of 
the remote continental troposphere. Fresh and surface snow samples were also collected. 
The results show that the general composition and spatial pattern in summer snow 
chemistry is similar to that for aerosols.
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INTRODUCTION
Windblown dust derived from arid regions of the Earth is a major source of 
tropospheric aerosol particles (Junge, 1979; Prospero et al., 1983). While the arid regions 
of central Asia are a major source area for windblown dust in the northern hemisphere, 
most of our knowledge concerning Asian dust originates from atmospheric aerosol and 
ocean sediment sampling programs distant from this source. For example, the production 
and long-range transport of Asian dust peaks in spring when large quantities of dust are 
transported to eastern China (Liu et al., 1981; Winchester et al., 1981; Gao et al., 1992a), 
and the north Pacific (e.g., Parrington et al., 1983; Uematsu et al, 1983; Prospero et al., 
1985; Merrill et al., 1989; Gao et al., 1992b). Dust derived from the deserts in central Asia 
is also a significant source of deep sea sediments in the north Pacific ocean (e.g., Blank et 
al., 1985). Large quantities of mineral aerosol in the Arctic regions have also been traced 
to Asian sources (Rahn et al., 1977; Welch et al., 1991).
Despite the global importance of mineral dust derived from the large desert regions 
of central Asia, very little is known concerning atmospheric concentration and chemical 
composition of atmospheric aerosol close to the source regions during either low dust (i.e., 
July to January) or high dust (i.e., February to June) periods. Isolated atmospheric aerosol 
samples have been collected in central Asia in the territories of the former USSR 
(M6szdros, 1978) and on the southern slopes of the Himalayas (Ikegami et al., 1978; 
Kapoor and Paul, 1980; Davidson et al., 1986). More recently, a multi-disciplinary 
Soviet/American team investigated the production, chemical and physical properties, and 
meteorological and climatic effects of eolian dust in the Tajikistan (e.g., Gillette and 
Dobrowolski, 1991).
Over the past several years we have conducted a regional survey of snow chemistry 
throughout the glaciated regions in the mountains of central Asia (Wake et al., 1990; in 
press). In conjunction with this program, we have collected aerosol samples at four 
remote, high elevation sampling sites; one on the south slope of the Himalayas and three on 
the Tibetan Plateau. Daily samples were collected over four day to two week periods in late 
summer or early autumn and represent aerosol composition of the central Asian troposphere 
during typically low dust periods. Here we discuss the regional distribution in the water 
soluble chemical composition of the aerosol samples and compare our results with other 




The four sample sites roughly lie along a south-west to north-east trending transect 
which extends from the southern slopes of the Himalayas to the northern margin of the 
Tibetan Plateau (Figure IV. 1). The sample collection sites cover a wide geographic area 
and can be separated into three distinct regions on the basis of their landscape, as defined 
by Alekseyev et al., (1988), and/or on the basis of their climatic regime (i.e., relative 
influence of monsoonal versus westerly air masses) as reviewed by Barry and Chorley,
(1982) Li and Xu (1984); Hastenrath (1985); Chang and Krishnamurti (1987); Fein and 
Stephens (1987); and Domros and Peng, (1988):
(1) Ngozumpa Glacier (site 1 in Fig. IV. 1) lies on the southern slopes of the eastern 
Himalaya. This region is characterized by extreme relief. Mixed forest and small-scale 
agriculture dominate below 4500 meters above sea level (m asl); while glaciers and 
mountains dominate above this elevation. Precipitation is derived primarily from 
monsoonal air masses in summer and from westerly depressions during the winter (Inoue, 
1976; Yasunari, 1976; Barry, 1981)
(2) Xixabangma peak (site 4) and Mt. Geladaindong (site 6) fall within the 
grassland steppes which dominant in the southern and central regions of the eastern Tibetan 
Plateau. Mt Geladaindong lies close to the transition zone between grassland steppes and 
arid regions to the north and west. This eastern Tibetan Plateau receives most of its 
precipitation from summer plateau monsoon circulation (Murakami, 1976; Domros and 
Peng, 1988).
(3) Meikuang Glacier lies in the arid regions which characterize the northern and 
western Tibetan Plateau. The Qaidam Basin and Taklamakan Desert, which contain 
calcareous soils and extensive salt deposits (Dregne, 1968; Chen and Bowler, 1986) lie 
north and northwest, respectively, of Meikuang Glacier (Fig. IV. 1).
Atmospheric Circulation
Atmospheric circulation in central Asia is characterized by a marked seasonal shift 
in wind systems associated with the Asian monsoon (Barry and Chorley, 1982; Chang and 
Krishnamurti, 1987; Fein and Stephens, 1987). During the winter the westerly je t stream 
is split into two branches, one passing to the north and one to the south of the Tibetan 
Plateau. In May and June the southern jet stream slowly weakens, and by mid-June is
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Figure IV. 1. Location map for aerosol sample collection sites (represented by open circles) in the 
mountains of central Asia. The heavy dashed line represents the 3000 m contour line and outlines the 
Tibetan Plateau.
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replaced by an easterly jet stream, as the summertime high level anticyclone develops over 
the Tibetan Plateau. During the summer, Indian summer monsoon circulation transports 
moisture from the Bay of Bengal and Arabian Sea into Himalaya (site 1 in Fig. IV. 1). 
Moisture from the Bay of Bengal is also carried into the eastern regions of the Tibetan 
plateau (sites 4, 6, and 7) via summer plateau monsoon circulation (Murakami, 1976; 
Domros and Peng, 1988). The peak in dust storm activity throughout Asia occurs during 
the spring and early summer months, although dust storms do occur at other times of the 
year (Middleton, 1986; Merrill et al., 1989).
EX PERIM EN TA L M ETHODS
A erosol Sam ples
Aerosol samples were collected during late summer or autumn at four different high 
elevation sites in the mountains of central Asia (Table IV. 1) during periods when dust 
storm activity in central Asia is typically minimal (Merrill et al., 1989; Gao et al., 1992b). 
All sampling sites were in remote regions distant from anthropogenic emissions.
Table IV. 1. Location and timing of aerosol samples collected in the 
mountains of central Asia
Site No. Lat. Long. Elev. period of
(see Fig. IV. 1) (N) (E) (m asl) sample collection
Ngozumpa Glacier 1 28.0 86.7 5430 18 to 21 Oct, 1990
Mt. Xixabangma 4 28.3 85.2 5920 17 to 27 Sept, 1991
Mt. Geladaindong 6 33.4 91.1 5040-5540 9 to 24 July, 1990
Meikuang Glacier 7 35.7 94.2 5050 8 to 11 Aug, 1990
The aerosol samples were recovered on 2 micron Zefluor Teflon filters (Gelman 
Sciences, Ann Arbor, Michigan) using a lightweight portable 12 volt pump powered by 
photo voltaic cells. Two micron Zefluor filters have a collection efficiency greater than 
97% for aerosol particles in the size range 0.035-1.0 microns (Liu et al., 1984), and also
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exhibit minimal positive artifact problems with respect to the collection of gaseous species 
such as SO2 and HNO3 (Appel et al., 1984). Aerosol samples during the 1990 sampling 
season (i.e., those from Ngozumpa Glacier, Mt. Geladaindong and Meikuang Glacier) 
were collected on 47 mm diameter Zefluor filters using a diaphragm pump. The filters 
were loaded into filter holders in the field adjacent to the sampling site and then mounted 
face down inside an open faced, 0.2 m diameter polyethylene housing located two meters 
above the snow surface. Daily aerosol samples were collected over periods of 4 to 8 hours 
during daylight. Sample volumes were measured using an in-line totalizing flow meter. 
Measured volumes were converted to standard cubic meters (scm) using corrections for 
ambient temperature and atmospheric pressure. Mean volumes for twelve samples 
collected on 47mm filters was 5.4 scm. Immediately following sample collection a 47mm 
filters was removed from the filter holder, folded with the exposed surface facing inwards 
and packed into a clean polyethylene bag.
The low flow diaphragm pump was replaced with a high flow pump to increase the 
volume for samples collected in 1991 (Xixabangma Peak). Samples were collected on 90 
mm diameter Zefluor filters. Each filter was loaded into a polyethylene cassette in a class 
100 clean room at the University of New Hampshire, and then sealed inside a clean 
polyethylene bag. Just prior to sample collection the filter was removed from the sealed 
bag and mounted, once again, face down inside an open faced, 20 cm diameter 
polyethylene housing two meters above the snow surface. Daily samples were collected 
over periods of 3 to 6 hours; mean sample volumes were 11.2 scm. After sampling, the 
filters in their cassettes were returned to the original clean polyethylene bag.
All loading and unloading of filters was performed wearing a non particulating 
clean suit, hood, face mask and plastic gloves. Field filter blanks (4 each of the 47 and 90 
mm diameter filters) were loaded and unloaded in the same manner as the respective sample 
filters.
Sample and blank filters were wetted with methanol (=200 )il for 47 mm filter and 
=500 |il for the 90 mm filter) and extracted using two aliquots of 10 and 5 ml each, for the 
47 and 90 mm diameter filters, respectively. Analyses for anions (Cl', NO3' and S04=) 
and cations (Na+, NFLf*-, K+, Mg++, Ca++) were performed on a Dionex™ Ion 
Chromatograph using AS4A, and Fast CAT-I and CAT-II columns, respectively. The 
mean ion concentrations of the field blanks were subtracted from the ion concentrations in 
the samples.
We define the detection limit for major ions as two times the standard deviation of 
all the field blank extracts divided by the mean volume of all the samples (after Talbot et al., 
1986). The detection limit for atmospheric aerosol species collected on 47mm filters (mean
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volume = 5.4 scm) were (in neq scm '1): Cl' (0.50), NO3'  (0.66), SC>4= (0.54), 
NH4+(1.0), Mg++ (0.07) and Ca++ (0.24). As a result of high variability in blank 
values, Na+ and K+ in 11 of the 12 samples collected on the 47mm filters were below 
detection. The limit of detection for atmospheric aerosol species collected on 90 mm filters 
(mean volume = 11.2 scm) were (in neq scm '1): C l' (0.31), NO3'  (0.03), S0 4 = (0.06), 
NH4+(0.08), K+(0.21), Mg++ (0.07) and Ca++ (0.29). Due to high variability in the 
blank values, Na+ concentrations in all samples collected on 90mm filters were below 
detection. Below detection levels of K+ and Mg'*-4- at site 2, and C l' at Ngozumpa Glacier, 
were due predominantly to low atmospheric concentrations.
The uncertainty in atmospheric ion concentrations associated with variability in the 
blank values and precision of the ion chromatograph analyses were determined based on 
the propagation of errors (Miller and Miller, 1988). The overall mean uncertainty for 
samples collected on the 47 mm filters were (in neq scm '1): C l' (0.27), NO3'  (0.35), 
SC>4= (0.26), NH4+ (0.61), Mg++ (0.18) and Ca++ (0.68). The overall mean uncertainty 
for samples collected on the 90 mm filters were (in neq scm '1): C l' (0.16), NO3'  (0.02), 
S04=  (0.03), NH4+ (0.15), Mg++ (0.06) and Ca++ (0.17).
The detection limits and uncertainty in atmospheric ion concentration is equivalent 
or lower in the samples collected on the 90 mm filters. This is due to a combination of 
factors which include the doubling of mean sample volume and halving the extract volume 
in the samples collected in 1991 (Xixabangma) as well as improving the handling 
techniques of the 90 mm filters (i.e., loading filters in class 100 clean room and leaving 
filters in cassettes until just prior to analysis).
Post Dust Season, Summer Snow Samples
Details of the fresh and surface snow collection sites are presented in Table IV.2. 
Only at Meikuang Glacier did a snowfall event occur during the period that aerosol samples 
were collected. At Xixabangma, fresh snow fell on the 11th of September, six days before 
aerosol samples were collected. Fresh snow samples were collected within twelve hours 
after the end of the snowfall event. At Ngozumpa Glacier and Mt. Geladaindong, surface 
snow samples were collected which represent summer snow deposited after the end of the 
major dust storm activity in Asia. All snow samples were collected using clean techniques 
described elsewhere (Wake et al., 1990). Quantification of major ion concentrations in 
snow were performed using ion chromatography as described above.
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Table IV.2. Description of " summer" (post dust season) snow samples 
collected in conjunction with aerosol sample collection
elev. type of snow depth n*
location (m asl) (m)
Ngozumpa 5430 surface-20 Oct. Oto 1.2 13
Xixabangma 5920 fresh-11 Sept. 0.30 4
Mt. Geladaindong 5950 surface-23 July 0 to 0.2 4
Meikuang 4860-5200 fresh-12 Aug. 0.02 3
* n is the number of samples analyzed
RESULTS
Aerosol Samples
The concentration of water soluble aerosol species in the central Asian troposphere 
are presented in Table IV.3. The sample locations represent three distinct physiographic 
regions in central Asia which can be characterized by their landscape and climatic regimes, 
as well as by their snow chemistry (Section V) and dust depostion(Section VI) 
characteristics. Ngozumpa Glacier (site 1) represents the southern slopes of the eastern 
Himalaya; Xixabangma peak (site 4) and Mt. Geladaindong (site 5) represent the southern 
and central regions of the eastern Tibetan Plateau; while Meikuang Glacier represents the 
north-eastern region of the Tibetan Plateau.
During low dust periods in the central Asian troposphere, the chemical 
characteristics of aerosol samples from Ngozumpa Glacier, Xixabangma and Mt. 
Geladaindong are similar. Aerosol from all three sites display relatively low ion 
concentrations; the sum of measured ions (i.e., X = Cl* + NO3- + S04= + NH4+ + Mg++ + 
Ca++) in all samples is less than 18 neq scm-1. The dominant ions at Ngozumpa Glacier 
are NH4+, S04=, and N03‘ (Fig. IV.2) These three ions account for more than 85% of the 
total burden of measured ions. The mean S04= to NO3' ratio at site 1 is 1.6. At 
Xixabangma, NH4+ and SC>4= account for more than 80% of the total burden of measured 
ions. NC>3‘ levels here are 15 to 20 times lower compared to those at Ngozumpa Glacier 
or Mt. Geladaindong, increasing the mean SC>4= to NO3' ratio to 14. NH4+, S04=, and 
N03‘ concentrations in aerosol samples from Mt. Geladaindong are similar to those from
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Table IV.3. Concentration of water soluble major ions (neq scm-1) 
in aerosol samples collected in the mountains of central Asia
Date ci- NO3- S04= n h 4+ Mg++ C a++
N g o z u m p a G LACIER (SITE 1)
18 Oct 90 bd 2.9 2.4 5.2 0.66 bd
19 Oct 90 bd 1.8 4.6 nd bd 0.45
20 Oct 90 bd 2.9 3.2 6.5 0.74 0.70
21 Oct 90 bd 1.8 3.5 nd 0.82 0.60
mean <0.5 2.4 3.4 5.8 0.57 0.50
std. dev. — 0.6 0.95 0.94 0.34 0.20
M t . X ix a b a n g m a (SITE 4)
17 Sep 91 0.17 0.08 1.1 1.9 bd bd
19 Sep 91 0.71 0.18 2.7 2.9 bd 0.75
23 Sep 91 0.45 0.18 1.2 nd bd bd
24 Sep 91 0.82 0.11 1.9 3.8 bd bd
25 Sep 91 0.08 0.10 1.4 1.8 bd bd
26 Sep 91 0 .76 0.26 2.8 3.1 bd 0.40
27 Sep 91 0.51 0.19 3.5 3.9 bd 0.70
mean 0.50 0.16 2.1 2.9 <0.07 0.44
std. dev. 0 .29 0.06 0.94 0.91 . . . 0.20
M t . G e l a d a i n d o n g  (s it e  6 )
9 Jul 90 1.6 2.1 4.4 3.9 0.49 4.1
11 Jul 90 bd 1.6 1.6 2.6 bd bd
21 Jul 90 0.93 2.8 3.3 5.7 0.58 3.9
24 Jul 90 bd 6.0 1.1 4.1 0.16 1.5
mean 0.89 3.1 2.6 4.1 0.33 2.4
std. dev. 0 .54 2.0 1.5 1.3 0.24 1.9
M e ik u a n g G l a c i e r  (s it e  7)
8 Aug 90 6.2 13 23 4.1 2.1 17
9 Aug 90 26 40 83 16 19 207
10 Aug 90 17 17 40 6.7 9.5 88
11 Aug 90 226 15 271 7.8 122 512
mean 69 21 104 8.6 38 206
std. dev. 105 13 114 5.0 56 218
Here, bd means below detection; for samples with bd levels, the 
detection limit values (see text) were used to calculate the mean 
and standard deviation for the site. The mean concentration 
for these species therefore represent an upper limit. Na+ and 
K+ were also below detection in 18 of the 19 samples.
Here, nd means no data; two samples from Site 1 and one
sample from site 2 showed NH4+:(NC>3- + S0 4=) ratios greater 
than 2.5 as a result of anomalously high NH4+ concentrations. 
The high NH4+ values in these samples were treated as 
spurious and removed from the data set.











N gozum pa(1) X ixabangm a(4) G eladaind.(6) M eikuang(7)
Figure IV.2. Arithmetic mean water soluble ion concentrations (neq scm '1) in central 
Asian aerosol. Note the change in scale for the data from Meikuang Glacier. Cl' at 
Ngozumpa Glacier and Mg** at Xixabangma were below detection (bd). Detection 
limits are discussed in the text.
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Ngozumpa Glacier and the mean SC>4= to NO3' ratio is 1.1. However, Ca++ 
concentrations at M l Geladaindong show a five-fold enhancement compared to levels at 
Ngozumpa Glacier and Xixabangma.
The dominant cation at sites Ngozumpa Glacier, Xixabangma and Mt. 
Geladaindong is NH4+. It has been suggested that acidic aerosols can be contaminated by 
trace amounts of ammonia during processing of the filters in the laboratory (Hayes et al., 
1980). Hayes et al. performed their investigation using artificial and stratospheric aerosols 
that was composed entirely of sulfuric acid. Therefore, their results are not directly 
applicable to the more pH balanced, multi-species composition of tropospheric aerosols in 
our samples. Furthermore, several potential sources of NH3 exist in the region (e.g., 
biomass burning, livestock, and emission from soils (Wameck, 1988)). Snow samples 
collected in the mountains of central Asia which were returned to our laboratory in a frozen 
state and melted just prior to analysis also show significant levels of NH4+.
In contrast to the relatively low ion burden measured in aerosol from the more 
southerly sites, the sum of measured ions from Meikuang Glacier ranges from 65 to 1154 
neq scm '1. The dominant ions here are (in order of importance) Ca++, SC>4=, Cl' and 
Mg++. These four ions account for more than 85% of the total measured ion burden while 
NO3' and NH4+ together contribute less than 15% (Fig. IV. 3). However, the mean NO3' 
content of aerosol from Meikuang Glacier is at least 6.7 times greater than that measured at 
the other three sites. Concentrations of Ca++, SC>4=, Cl' and Mg++ display considerable 
variation over the four day period samples were collected (Table IV.3). Linear regression 
analysis shows very good correlation between all four species (r > 0.95 at significance 
level p=0.05). The 11 August sample is noteworthy (Table IV.3) as it contains very high 
levels of Ca++, SC>4=, Cl' and Mg++ and was the only aerosol sample from central Asia in 
which Na+ (205 neq scm '1) and K+ (6.7 neq scm '1) were above the detection limit. NO3' 
and NH4+ do not vary concurrently with the other species.
Post Dust Season, Summer Snow Samples
Post dust season, summer snow from Ngozumpa Glacier shows the lowest ion 
concentrations. The levels of major ions increase slightly moving northward to 
Xixabangma and then to M l Geladaindong (Fig IV.3). At all of the sites the ion 
composition of snow shows distinct similarities to that of the aerosol. At Ngozumpa 
Glacier, Xixabangma and Mt. Geladaindong, NH4+, S04=, N0 3 ' and Ca++ are the 
dominant ions. The snow from M l Geladaindong shows elevated concentrations of Ca‘H‘ 











N gozum pa(1) X ixabangm a(4) Geladain.(6) M eikuang(7)
Figure IV.3. Arithmetic mean ion concentrations (peq k g '1) in post-dust-season summer 
snow from Ngozumpa Glacier, Xixabangma peak, Mt. Geladaindong, and Meikuang 
Glacier. Note the change in scale for the data from Meikuang Glacier.
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difference between the chemical composition of snow and that of aerosol at these three sites 
is the relatively elevated levels of Cl" in the snow, compared to that in the aerosol. This 
suggests that at least part of the Cl" in snow originates from gaseous deposition of HC1 to 
the snowpack (Legrand and Delmas, 1988).
In comparison to the three more southerly sites, summer snow from Meikuang 
Glacier shows very high ion concentrations (Fig. IV.3). The relative proportions of ions in 
fresh snow from Meikuang Glacier closely mimics those of the aerosol. As with the 
aerosol chemistry, the snow chemistry is dominated by salt related species (in order of 
importance) Ca++, S04=, Cl", Mg++. NH4+ and NO3' contribute little to the overall ion 
burden.
DISCUSSION  
Central Asian Aerosol Chemistry
The similar composition of aerosol at Ngozumpa Glacier, Xixabangma Peak and 
Mt. Geladaindong, combined with relatively low concentrations of major ions, indicates 
that samples collected at high elevation sites in the Himalayas and southern/central regions 
of the Tibetan Plateau are representative of a well mixed, remote, central Asian troposphere 
during low dust periods. Differences in the concentration of individual species between 
sites can be explained by inputs from more local sources. Higher NH4+ levels at 
Ngozumpa Glacier are likely due to a variety of sources originating from agricultural and 
pastoral based lifestyles of the local population on the southern slopes of the Himalayas, 
such as urine from livestock, use of wood and animal excrement for fuel, and emissions 
from agricultural soils. The aerosol NO3* levels from Xixabangma are surprisingly low, 
suggesting our aerosol samples were collected from an air mass that was well aged and 
from which most of the particulate NC>3" had already been removed. The higher Ca++ 
concentrations at Mt. Geladaindong, compared to those at Ngozumpa Glacier and 
Xixabangma, reflects inputs of desert dust from the scrubgrass and unvegetated desert 
surfaces to the north and west The comparable SC>4= concentrations at all three sites 
suggests that desert dust is not a predominant source of tropospheric SC>4= in the southern 
and central regions of the Tibetan Plateau during low dust periods.
In contrast to the three more southerly sites, the composition and concentration of 
aerosols at Meikuang Glacier is dominated by local sources. The very high concentrations 
of Ca"1-1", S 04=, Cl" and Mg"1-1" reflect the influx of surface material derived from the
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Qaidam Basin and/or Taklamakan Desert. This mineral aerosol, consisting of evaporite 
minerals and desert dust, can be transported to Meikuang Glacier with persistent northerly 
surface winds which predominate during the spring and summer (Luo and Yanai, 1983). 
The large distance from the ocean, the composition (i.e., Ca++ > SC>4= > Cl*), and very 
high concentrations of salt related species preclude the ocean as a primary source of salt 
related species for Meikuang Glacier. Similar daily variations in Ca++, SC>4=, Cl* and 
Mg++ concentrations result from inputs of surface material from the Qaidam Basin. The 
elevated concentrations of NO3* in aerosol from Meikuang Glacier is probably also related 
to the increased dust flux. However, the lack of concurrent variation between NO3' 
concentrations and those of dust indicators in this region (i.e., Ca++, S04=, Cl* and Mg++) 
suggests that locally derived dust itself is not a major source for nitrogen species.
The lack of sychronicity in the collection of aerosol samples and snow deposition 
precludes a detailed discussion of air-snow fractionation processes. Rather, we include the 
fresh and surface snow chemistry data for comparison only. The overall similarity in the 
composition and spatial variation of major ions in aerosol and in snow samples is 
encouraging and indicates that, from a regional perspective, snow chemistry reflects the 
spatial pattern in tropospheric aerosol chemistry in central Asia.
G lobal P erspective
The most striking aspect of our Asian aerosol data set is the low atmospheric 
concentrations of NO3' and S04= at Ngozumpa Glacier, Xixabangma and Mt. 
Geladaindong which are comparable to previously reported levels in the remote troposphere 
(Table IV.4). Included in Table IV.4 arc data collected from aircraft-based sampling 
programs in remote regions of North America (Gillette and Blifford, 1971; Huebert and 
Lazrus, 1980; and Talbot et al„ 1992) and a land-based sampling site in the Bolivian Andes 
(Adams et al., 1980). (It has recently been suggested that chemical data derived from 
aerosol samples collected using an airplane as a sampling platform underestimate ambient 
concentrations (Huebert et al., 1990). It should be noted that if this is the case, the 
conclusions drawn here would only be strengthened.) Aerosol chemistry data from 
Shemaya and Midway islands in the north Pacific are also used for comparison. Aerosol 
chemistry at these islands is strongly influenced by the transport of mineral aerosol from 
Asia (Uematsu et al., 1983; Prospero and Savoie, 1985; Merrill et al., 1989).
Sulfate concentrations at Ngozumpa Glacier, Xixabangma and M t Geladaindong 
are lower than those measured in the free troposphere in remote regions over North 
America. Anthropogenic emissions from eastern China, Europe and North America
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NO3' S04= n Remarks
Huebert and Lazrus continental USA 1.3 3.7 28 altitude 5-6 km
(1980)
Gillette and Blifford Scottsbluff, Nebraska nd 5.0* 10 altitude 4-9 km
(1971) Death Valley, Calif. nd 5.0* 18
Talbot etal. (1992) High Arctic 0.98 5.8 28 free troposphere
Sub-Arctic 0.67 3.6 17 non "Arctic Haze"
Adams et al. (1980) Chacaltaya, Bolivia nd 7.3* 8 mountain site
elevation 5220m
Prospero and Savoie Shemaya, N Pacific 3.5 14 16 downwind of Asia
(1985) Midway, N Pacific 4.0 6.5 27 low dust period
This work Ngozumpa Glacier 2.4 3.4 4 mountain sites
Xixabangma 0.16 2.1 7 low dust period
Mt. Geladaindong 3.1 2.6 4
Here, nd means no data; n is the number of samples analyzed 
* these values were reported as concentrations of sulfur. For comparison purposes we 
have calculated sulfate concentrations based on the assumption that all sulfur measured was 
in the form of sulfate.
account for 80% of the total sulfur emissions in the northern hemisphere (Spiro et al., 
1992). The lower levels of S04= measured at our sites indicate that the sulfur cycle in the 
remote troposphere over central Asia is not affected by human activities to the same extent 
as it is in North America (Table IV.4), Europe (e.g., Reiter et al., 1981) or eastern China 
(e.g., Galloway et al., 1987). Sulfate levels in central Asia are also 25-50% lower than 
those in the north Pacific. The sampling sites in the north Pacific lie within the marine 
boundary layer and are strongly influenced by emission of reduced sulfur gases by 
biological activity in the oceans (Savoie and Prospero, 1989).
Nitrate levels from Ngozumpa Glacier and Mt. Geladaindong are greater than those 
measured over North America. High NO3' levels measured in remote tropospheric aerosol
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are associated with elevated levels of mineral aerosol derived from the Sahara (Talbot et al.. 
1986), central Asia (Prospero and Savoie, 1989), and eastern Africa (Savoie at el., 1987). 
It has been shown that the formation of nitrate on sea-salt and aerosol particles is an 
effective sink for NO2 and HNO3 (Mamane and Gottlieb, 1992). A survey of NC>3" in 
snow from remote regions of the globe found that aerosols derived from continental 
interiors in temperate regions tend to be rich in N03" (Lyons et al., 1990). Nitrate levels in 
snow (Wake et al., 1990; in review) and aerosol samples from central Asia show a regional 
trend, with higher concentrations from sites adjacent to the large arid regions in central 
Asia. Heterogeneous reactions of NCb and HNO3 with dust particles derived from the 
arid regions of Asia is likely responsible for higher levels of NC>3" compared to remote 
sites in North America.
Nitrate levels from sites Ngozumpa Glacier and Mt. Geladaindong are similar to 
oceanic 'background' levels measured in the Pacific during low dust periods (Prospero and 
Savoie, 1989). (While the NC>3" concentrations presented in Table 3 suggest that levels in 
the north Pacific are greater, the variability in the NO3' concentrations from Ngozumpa 
Glacier and Mt. Geladaindong due to blanks and analytical precision (=25% RSD) and day 
to day variations (30-60% RSD) is sufficiently large to eliminate any significant difference. 
In addition, potential artifact problems associated with deposition of HNO3 on Whatman 
41 filters could produce elevated levels of aerosol NO3' at the north Pacific sites (Appel et 
al., 1984; Prospero et al., 1985)). Air lofted from the polluted boundary layer over Europe 
and eastern North America is the dominant source of NO* for the remote troposphere in 
the northern hemisphere (Logan, 1983; Ehhalt et al., 1992). While dust from Asia 
influences aerosol N0 3 " levels in the region (even during low dust periods) the source of 
reactive nitrogen species is likely dominated by anthropogenic emissions in Europe and 
North America.
C O N C L U SIO N S
These data represent the first, albeit limited, regional survey of aerosol chemistry in 
central Asia. Aerosol in the Himalayas and the southern/central regions of the eastern 
Tibetan Plateau arc dominated by NH4+, S04=, and N03‘. Ca++ becomes more important 
in central Tibet due to inputs of dust from the north and west. Aerosol in the north-eastern 
region of the Tibetan Plateau shows very high levels Ca++, S04=, Cl" and Mg++. Aerosol 
composition in this region is dominated by surface material derived from nearby deserts.
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Our results confirm that high elevation mountain sites in the Himalaya and 
southern/central regions of the eastern Tibetan Plateau (i.e., distant from the vast desert 
lands on the northern and western margins of the Tibetan Plateau) provide isolated 
platforms above the planetary boundary layer from which to investigate the composition of 
the remote continental troposphere.
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V. R EG IO N A L  D ISTR IB U TIO N  O F M O N SO O N  AND D E S E R T  D U ST
S i g n a l s  R e c o r d e d  in  A s i a n  G l a c i e r s
ABSTRACT
In order to determine the spatial and seasonal distribution of precipitation chemistry 
in central Asia, short term (6 months to 17 years) glaciochemical records have been 
collected from several glaciers basins in the mountains of central Asia. Glaciers in the 
northern and western regions of the Tibetan Plateau, which lie adjacent to large desert 
basins, show elevated concentrations and annual fluxes of calcium, sodium, chloride, and 
sulfate and nitrate due to the influx of desert dust. Glaciers in the south-eastern regions of 
the Tibetan Plateau show lower concentrations and annual fluxes of major ions due to 
longer transport distances from the large desert basins in western China. Snow from the 
Karakoram and western Himalaya show ion concentrations similar to those in south-eastern 
Tibetan Plateau, but much higher annual fluxes. Snow from the southern slopes of the 
eastern Himalayas shows very low ion concentrations and annual fluxes. This region is 
relatively free from the dominating chemical influence of Asian dust. In addition sodium 
and chloride levels in the eastern Himalaya peak during the summer, reflecting the influx of 
marine derived monsoonal air masses. Our study indicates that glaciers in the eastern and 
western Himalaya, the Karakoram, and the south-eastern regions of the Tibetan Plateau, 
are the ones most likely to contain longer-term glaciochemical records which detail annual 
to decadal variation in the strength of the Asian monsoon and long-range transport of Asian 
dust.
IN TRO D U CTIO N
Both marine aerosol transported inland with the Asian monsoon and dust derived 
from the vast arid regions of central Asia play major roles in geochemical cycles in Asia 
(e.g., Sequeira and Kelkar, 1978; Galloway et al., 1987; Prospero and Savoie, 1990). 
Although regional precipitation chemistry investigations have been performed in India and
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eastern China, little is known about the spatial and temporal variability of precipitation 
chemistry on the Tibetan plateau and bordering mountain areas (Harte, 1983; WMO, 1988; 
Wake et al., 1990). Here we report on a suite of short-term (6 months to 17 years) 
glaciochemical data sets which describe the spatial and seasonal variation of snow 
chemistry throughout central Asia. This data base is used to quantify the influence of 
marine aerosol and Asian dust on the chemical content of precipitation in the mountains of 
central Asia, and identify glaciers whose chemical records are sensitive to the annual 
variability of the Asian monsoon and long-range transport of Asian dust.
Over the past several years we have collected high resolution, short-term (6 months 
to 17 years) glaciochemical records from glacier basins in central Asia (Fig. V .l), including 
Sentik Glacier (site 2)(Mayewski et al., 1983; 1984; Lyons and Mayewski, 1983), Biafo 
Glacier (site 3)(Wake et al., 1989), and Glacier Number 1 at the headwaters of the Urumqi 
River (site 10)(Wake et al., 1992). These records, in combination with new records 
collected from; Ngozumpa Glacier (site 1), Hispar Glacier (site 3), Xixabangma Peak (site 
4), Qiang Yong Glacier (site 5), Mt. Geladaindong (site 6), Meikuang Glacier (site 7), 
Mustagh Ata (8), Chongce Ice Cap (site 9), and those from Dunde Ice Cap (site 
1 l)(Thompson et al., 1989), cover a wide geographic area (Fig V. 1) and can be 
separated into four distinct regions on the basis of their landscape, as defined by Alekseyev 
et al., (1988), and/or on the basis of their climatic regime (i.e., relative influence of 
monsoonal versus westerly air masses) as reviewed by Barry and Chorley (1982); Li and 
Xu (1984); Hastenrath (1985); Chang and Krishnamurti (1987); Fein and Stephens (1987); 
and Domros and Peng (1988)
(1) Ngozumpa Glacier (site 1) lies on the southern slopes of the eastern Himalaya.
This region is characterized by mixed forest and small scale agriculture below 4500 m, 
while glaciers and mountains dominate above this elevation. Precipitation is derived from 
monsoonal air masses during the summer and from westerly depressions during the winter 
(Inoue, 1976; Barry, 1981).
(2) Sentik Glacier (site 2) and Hispar Glacier (site 3) lie in the western Himalaya and 
Karakoram, respectively. The exceptional elevation and concentration of peaks over 6000 
m asl in the Karakoram produces an effective barrier for air masses transported with the 
mid-latitude westerlies. Orographic lifting of westerly derived air masses throughout the 
year results is very high snow accumulation above 4000 m (Wake, 1989). Occasionally, 
substantial summer snowfalls result from the incursion of monsoonal air masses 
(Finsterwalder, 1960; Wake, 1989). The western Himalaya receives a greater portion of its 
precipitation from monsoonal sources (Mayewski et al., 1984; Hastenrath, 1985). Arid







3 km Topographic 
Contour Line
O G lac iochem ical Sam ple Collection Sites
1 Ngozumpa Glacier • Eastern Himoiaya
2 Sentik Glacier - Ladakh Himalaya
3 Hispar Glacier - Karakoram
4 Xixabangma • So Tibetan P lateau
5 Qiang Yong Glacier So Iibeton P lateau
6 Mt G eladaindong Tanggulo Shan
7 Meikuang Glacier Eastern Kun lun 
6 Mustagh Ata Pamirs 
9 C hongce Ice C ap  Western Kun Lun
10 Glacier No 1 Tien Shan
11 Dunde Ice C ap  Qiiian Shan
Figure V. 1. Location map for glaciochemical collection sites (represented by open circles) in the 
mountains of central Asia. The heavy dashed line represents the 3000m contour line and outlines 
the Tibetan plateau. All samples were collected within the accumulation zone of each glacier basin. 
Landscape and topographic information were derived from Royal Geographical Society (1987).
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and semi-arid conditions predominate below 4000m in the Karakoram and western 
Himalaya due to the rainshadow effect and desiccating down-valley wind systems.
(3) Xixabangma Peak (site 4), Qiang Yong Glacier (site 5). and Mt. Geladaindong (site 
6) all fall within the grassland steppes which dominate the south-eastern Tibetan Plateau. 
Mt. Geladaindong lies close to the transition zone between grassland steppes to the south 
and east and arid regions to the north and west. The south-eastern Tibetan Plateau receives 
most of its precipitation from summer plateau monsoon circulation (Murakami, 1976; 
Domros and Peng, 1988)
(4) The northern and western regions of the Tibetan Plateau are characterized by 
semi-arid and arid regions. In addition, Meikuang Glacier (site 7) and the Dunde Ice Cap 
(site 11) lie adjacent to the Qaidam Basin in the northeastern regions of the plateau;
Mustagh Ata (site 8) and Chongce Ice Cap (site 9) lie adjacent to the Taklamakan desert 
and numerous loess deposits (Liu, 1985); and Glacier No. 1 (site 10) lies in between the 
Taklamakan and Junggar deserts (Section III).
Atmospheric circulation in central Asia is characterized by a marked seasonal shift 
in wind systems associated with the Asian monsoon (Barry and Chorley, 1982; Chang and 
Krishnamurti, 1987; Fein and Stephens, 1987). During the winter the westerly je t stream 
is split into two branches, one passing to the north and one to the south of the Tibetan 
Plateau. In May and June the southern jet stream slowly weakens, and by mid-June is 
replaced by an easterly jet stream, as the summertime high level anticyclone develops over 
the Tibetan Plateau. During the summer, Indian summer monsoon circulation transports 
moisture from the Bay of Bengal and Arabian Sea into India, Nepal and Pakistan.
Moisture from the Bay of Bengal is also carried into the eastern portions of the Tibetan 
plateau via summer plateau monsoon circulation (Murakami, 1976; Domros and Peng, 
1988). The peak in dust storm activity throughout China and northwestern India occurs 
during the spring, although dust storm do occur throughout the year (Merrill et al., 1989; 
Middleton et al., 1986).
RESU LTS AND DISCU SSION
Each of the four landscape/vegetation and climatic zones in central Asia where snow 
and ice samples were collected display distinct major ion concentrations (Table V .l) 
Glaciers in the northern and western regions of the Tibetan plateau (Fig. V. 1, sites 7 
through 11) exhibit geometric mean concentrations of calcium greater than 24 micro 
equivalents per kilogram (peq k g '1), and of sodium, chloride, and sulfate greater than 2.4
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Table V. 1. Summary of geometric mean values* of major ion concentrations in central 
Asian snow. The minimum and maximum ion concentrations appear in parentheses below
the geometric mean value.
Site Mountain/ elev period of (peq kg*1)
Fig V.l Glacier (m) record** n Ca++ Na+ Cl S 04= no3-
SOUTH SLOPE - EASTERN HIMALAYA
1 Ngozumpa 5700 1989-90 30 0.40 0.31 0.33 0.24 0.11
(0.1-1.5) (0.05-2.5) (0.08-2.2) (0.1-0.5) (0.03-0.6)
WESTERN HIMALAYA & KARAKORAM
2 Sentik 4908 1963-80 99 nd 1.6 1.8 nd 0.98
(0.1-28) (0.5-30) (0.1-4.4)
3 Hispar 5150 1985-88 76 7.3 0.52 0.89 1.5 2.0
(0.6-67) (0.1-5.8) (0.1-5.3) (0.1-8.1) (0.3-24)
SOUTH-EASTERN TIBETAN PLATEAU
4 Xixabangma 6140 1990-91 31 1.2 0.37 0.54 0.45 0.55
(0.4-6.8) (0.1-0.8) (0.2-1.6) (0.2-2.4) (0.2-3.9)
5 QiangYong 5850 1990-91 17 1.2 0.38 0.49 0.36 0.62
(0.4-15) (0.2-1.0) (0.2-0.8) (0.2-1.2) (0.2-1.8)
6 Geladaindong 5950 1988-90 40 7.8 1.4 1.3 1.4 1.5
(1.7-216) (0.4-12) (0.4-7.8) (0.6-3.8) (0.4-4.3)
NORTHERN & WESTERN TIBETAN PLATEAU
7 Meikuang 5520 Summr'91 12 24 6.8 7.5 4.5 2.1
(6.7-68) (3.0-29) (3.5-31) (1.7-16) (1.3-3.7)
8 Mustagh Ata 5910 1991-92 30 31 2.4 2.5 5.6 4.0
(4.3-206) (0.2-24) (0.4-20) (1.6-29) (1.4-9.3)
9 GlacNol 3960 spring'89 27 47 8.0 5.5 12 3.1
(9.2-331) (0.6-316) (0.9-74) (2.0-176) (1.1-13)
10 Chongce® 6327 1980-87 77 64 18 17 16 6.4
(16-228) (3.8-62) (4.3-37) (1.4-51) (1.0-23)
11 Dunde 5325 1967-87 10 80§ nd 29 16 3.6
Here, nd means no data; n is the number of samples analyzed.
* geometric means are used as the glaciochemical data at each site approaches a lognormal distribution.
** Note that the period of record is not the same for all sites. However, the l-to-3 fold variation from 
year-to-year in the arithmetic mean ion concentrations of snow at sites for which there is more than one 
year of record (i.e., Sentik, Hispar, Geladaindong, Mustagh Ata) is much less than 4-to-80 fold 
variations observed on a spatial scale. In addition, the systematic spatial variation in major ion 
concentration in central Asian snow suggests that the data provide a representative regional perspective.
@ The record from Chongce Ice Cap is discontinuous as a result of contamination of the fim samples 
during transport. Only ion data from the ice sections of the core are reported.
§ For Dunde. the only available published calcium data is for circa 1750 (Thompson et al., 1991).
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peq kg’1. Glaciers in the south-eastern regions of the Tibetan Plateau (sites 4, 5, and 6) 
display calcium levels ranging from 1 to 8 peq kg’1, and sodium, chloride, and sulfate 
levels ranging from 0.4 to 1.5 peq kg '1. Glaciers in the western Himalaya and Karakoram 
(sites 2 and 3) show geometric mean calcium concentrations of 7.3 peq k g '1 (site 3 only) 
and sodium, chloride, and sulfate levels ranging from 0.5 to 2.0 peq kg’1. Ngozumpa 
Glacier (site 1) on the southern slope of the eastern Himalaya shows concentrations of 
calcium, sodium, chloride, and sulfate less than 0.4 peq kg’1. Similar regional trends are 
apparent in the baseline concentrations of calcium, sodium, chloride, and sulfate (Table
V. 1). In contrast to the species discussed above, nitrate concentrations show less variation 
over the Tibetan Plateau and bordering mountain regions, indicative of a separate and more 
distant source. However, higher concentrations of nitrate are still associated with sites 
which show elevated levels of calcium, sodium, chloride, and sulfate.
Annual deposition of snow and major ions is available for seven sites (Table V.2). 
Annual fluxes could not be calculated for Meikuang Glacier (site 7) or Glac. No 1 (site 10) 
because the records extend for only 6 months. This is the longest reliable record available 
from these sites since snow that falls even in the accumulation zones of these glaciers melts 
during the spring and early summer. The discontinuous record from Chongce Ice Cap 
does not allow for accurate annual flux calculations. No flux data is yet available for the 
Dunde Ice Cap (Thompson et al., 1991).
Table V.2 Annual accumulation of snow and major ions in central Asia.
Mountain/ elev. snow acc. yrs of 






S 0 4 = NO3-
S o u t h  S l o p e  - E a s t e r n  H i m a l a y a
1 Ngozumpa 5700 56 1 26 22 23 13 9
W e s t e r n  H i m a l a y a  & K a r a k o r a m
2 Sentik 4908 60 17 nd 152 146 nd 70
3 Hispar 5150 130 3 1580 273 146 273 390
S o u t h - e a s t e r n  T i b e t a n  P l a t e a u
4 Xixabangma 6140 68 1 169 34 43 45 45
5 Qiang Yong 5850 62 1 137 24 30 24 44
6 Geladaindong 5950 30 2 794 78 64 62 74
N o r t h e r n  &  W e s t e r n  T i b e t a n  P l a t e a u
8 Mustagh Ata 5910 24 2 1400 115 108 182 93
Here, nd means no data
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The limited annual flux data displays similar spatial patterns to those apparent in the 
major ion concentration data. Mustagh Ata (site 8) in the western Tibetan Plateau shows 
low annual snow accumulation rates but relatively high annual fluxes of calcium, sodium, 
chloride, and sulfate. Annual ion fluxes in the south-eastern regions of the Tibetan Plateau 
(site 4, 5 and 6) are intermediate between the high values at Mustagh Ata and the very low 
values at Ngozumpa Glacier. Glaciers in the Karakoram and western Himalaya (site 2 and 
3) show high annual snow accumulation rates and high annual fluxes of calcium, sodium, 
chloride, sulfate, and nitrate. Ngozumpa Glacier (site 1) displays intermediate value for 
annual snow accumulation, but very low annual fluxes for all ions.
Snow and ice chemistry at any given site in central Asia (Fig. V.2) is closely 
associated with proximity to large desert basins (Fig. V.l). Surface material in the Ala 
Shan, Taklamakan, and Thar deserts is typically calcareous (Dregne, 1968; McKee, 1979). 
In addition, numerous large depressions in the Taklamakan desert and Qaidam basin 
contain extensive salt deposits rich in sodium and chloride (Dregne, 1968; Kezao and 
Bowler, 1986). Glaciers in the northern and western regions of the Tibetan plateau, which 
are surrounded by large desert basins (sites 7 through 11), show elevated concentrations of 
calcium, sodium and chloride as a result of the influx of desert dust. The highest ion 
burdens were measured at Chongce and Dunde ice caps, which are close to (i.e., < 200 
km) and downwind of the Taklamakan Desert and Qaidam Basin, respectively (Fig. V.l). 
Time-series from Mustagh Ata (site 8), represented by vertical distribution of calcium, 
sodium, and chloride in the glaciers (Fig. V.3a), shows strong seasonality. We interpret 
the strong peaks in the depth profiles of all three species as representing the influx of dust 
during the spring dust storm period.
The high levels of sulfate in snow from sites 7 through 11 are clearly associated 
with high levels of calcium, sodium, and chloride. This pattern suggests that desert derived 
mineral aerosol is also a major source of sulfate in central Asia. Regional precipitation 
investigations in North America (Junge and Werby, 1958; Barrie and Hales, 1984) and 
north Africa (Rognon et al., 1989) have shown that arid regions are commonly source 
areas for sulfate. However, anthropogenic sources of sulfate are also clearly recorded at 
Glacier Number 1 (site 10)(Wake et al., 1992) and in seasonal snow throughout the former 
Soviet Union (Belikova et al., 1984). Sodium and chloride signals in the northeastern 
regions of the Tibetan Plateau which could potentially relate to monsoon precipitation (i.e., 
peaks o f =1 (ieq kg*1, see below), are effectively masked by sodium and chloride derived 







Lower concentrations of calcium, sodium, chloride and sulfate in the south-eastern 
Tibetan Plateau (sites 4, 5, and 6) are indicative of a decrease in the mineral aerosol input as 
a result of longer transport distance from large desert basins in western China. Time series 
from Mt. Geladaindong (Figure V.3b) show strong seasonality. Peaks in all three species 
occur in the spring/summer layers of the snowpack. This likely results from the influx of 
dust which is transported from the Taklamakan Desert and the Qaidam Basin to the central 
and southern regions of the Tibetan plateau by persistent northwesterly surface winds (Luo 
and Yanai, 1983; Murakami, 1987). Higher concentrations and annual fluxes of calcium at 
Ml Geladaindong are consistent with this interpretation as this glacier lies closer to the 
mineral aerosol source regions to the north and west. Summertime peaks which are unique 
to the sodium and chloride time-series are thought to represent the influx of sodium and 
chloride rich marine air masses associated with plateau monsoon circulation (Murakami, 
1987).
The high annual flux of snow and major ions at Hispar Glacier, and to a lesser 
extent at Sentik Glacier, suggests that much of the aerosol and moisture transported with 
the westerly jet stream is removed as it ascends the south-west margin of the Tibetan 
Plateau. Calcium time series from Hispar Glacier (Fig. V.3c) do not show a strong 
seasonal signal. Conversely, sodium and chloride show peaks in spring/summer layers 
suggesting inputs of evaporite rich dust transported from the Thar desert during the 
springtime dust storm period and/or inputs of marine aerosol from monsoonal air masses.
In contrast to sites 2 through 11, snow from the southern slopes of the eastern 
Himalayas (Ngozumpa Glacier) displays very low concentrations and annual fluxes of 
major ions. Ion concentrations and annual fluxes are similar to those measured in snow 
collected 38 km upwind of the South Pole (Whitlow et al., 1992). Low calcium levels 
indicate that high elevation glaciers on the southern slopes of the eastern Himalaya are 
relatively free from the dominating chemical influence of Asian dust. The calcium time 
series from Ngozumpa Glacier displays input timing that is unique among glaciochemical 
records we recovered in central Asia; maximum concentrations occur in winter snow (Fig.
V.3d). It is during the winter that the subtropical westerly jet stream flows just south of the 
Himalayas and carries with it westerly depressions which cause gales and blizzards in the 
mountains (Miller et al., 1965; Barry, 1981). Conversely, the sodium and chloride profiles 
show summertime peaks rising 0.5 to 2 jxeq kg*1 above background (=0.3 peq kg*1), 
reflecting precipitation derived from the influx of summertime monsoonal air masses. The 
observed chemical patterns are consistent with local (Inoue, 1976; Yasunari, 1976) and 
synoptic (Luo and Yanai, 1983; Murakami, 1987) meteorology.
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C O N C L U SIO N S
The glaciochemical data set presented here confirms that tropospheric chemistry 
over the Tibetan plateau is dominated by desert dust derived from the vast arid regions of 
central Asia, while the southern slopes of the eastern Himalaya are characterized by very 
low ion burdens representative of relatively clean free tropospheric air. Asian monsoon 
signals are most clearly recorded at glaciers, such as the southern slopes in the eastern 
Himalaya, which are well removed from the influence of Asian dust. Glaciers in the 
western Himalaya, the Karakoram, and the south-eastern Tibetan Plateau record combined 
monsoonal and Asian dust signals, while glaciers in the northern and western regions of 
the plateau contain records dominated by dust derived from the large desert basins to the 
north and west. High elevation glaciers in the Himalayas, the Karakoram, and the 
southern/central Tibetan plateau are therefore most likely to contain longer-term 
glaciochemical records which reflect regional to hemispheric atmospheric chemistry and 
climate signals, such as the interannual to decadal variation in the strength of the Asian 
monsoon and the long-range transport of Asian dust.
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Figure V.3a. Depth profiles for chloride, sodium, and calcium for snow samples from 
Mustagh Ata (site 8 in Figure V .l). Seasonal layers were determined using variations in 
physical stratigraphy (i.e., visible dirt layers, density, and grain size), major ion 
concentrations (including several species not shown) and particle concentrations. The 
"end of summer" surfaces are identified by arrows.
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Figure V.3b. Depth profiles for chloride, sodium, and calcium for snow samples from 
M t Geladaindong (site 6 in Figure V .l). Seasonal layers were determined using 
variations in physical stratigraphy (i.e., visible dirt layers, density, and grain size), major 
ion concentrations (including several species not shown) and particle concentrations. The 
"end of summer" surfaces are identified by arrows.
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Figure V.3c. Depth profiles for chloride, sodium, and calcium for snow samples from 
Hispar Glacier (site 3 in Figure V.l). Seasonal layers were determined using variations in 
physical stratigraphy (i.e., visible dirt layers, density, and grain size), major ion 
concentrations (including several species not shown) and particle concentrations. The 
"end of summer" surfaces are identified by arrows.
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Figure V.3d. Depth profiles of chloride, sodium, and calcium for snow samples from 
Ngozumpa Glacier (site 1 in Figure V .l). Seasonal layers were determined using 
variations in physical stratigraphy (i.e., visible dirt layers, density, and grain size), major 
ion concentrations (including several species not shown) and particle concentrations. The 
"end of summer" surfaces are identified by arrows.
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VI. MODERN EOLIAN DUST DEPOSITION IN CENTRAL ASIA
Section VI has been submitted to Tellus fo r  publication 
(full reference appears in the Introduction section o f the Dissertation)
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V I. M o d e r n  e o l i a n  D u s t  D e p o s i t i o n  in  c e n t r a l  A s i a
IN TRO D U CTIO N
Dust derived from the arid and semi-arid regions of the globe is an important 
component of Earth's tropospheric aerosol burden (Junge, 1979; Prospero et al., 1983; 
Schiitz et al., 1990). While the Sahara is the single largest global source (Morales 1979; 
Schiitz 1980; Middleton et al., 1986), deserts of the Asian continent are significant source 
regions for airborne dust in the northern hemisphere. However, our knowledge of Asian 
dust originates primarily from atmospheric and ocean sediment sampling programs distant 
from the source. During the spring, large quantities of dust are transported from the 
deserts of western China to eastern China (Liu et al., 1981; Gao et al., 1992a) Japan 
(Iwasaka et al., 1983; Inoue and Naruse, 1987), the Pacific Ocean (e.g., Duce et al., 1980; 
Parrington et al., 1983; Blank et al., 1985; Rea et al., 1985; Uematsu et al., 1985; Merrill 
et al., 1989; Gao et al., 1992b) and the Canadian Arctic (Rahn et al., 1977; Welch et al., 
1991). Dust storms are also a frequent occurrence in southwest Asia (Middleton, 1989). 
Despite the large quantities of mineral aerosol generated in central Asia, little is known 
concerning the nature of eolian dust close to the source regions.
Glaciers around the globe provide a unique medium to investigate temporal and 
spatial variations of dust deposition. The highest resolution proxy records extending back 
102 to 105 years detailing atmospheric dust content have been developed through the 
analysis of insoluble microparticle concentration of ice cores recovered from, for example, 
Antarctica (e.g., Petit et al., 1981; Petit et al., 1990; Mayewski et al., in review), 
Greenland (e.g.. Hammer et al., 1985; Palais et al., 1992; Fiacco et al., 1993), the 
Canadian Arctic (e.g., Koemer 1977), the Swiss Alps (Wagenbach and Geis, 1989), India 
(Mayewski et al., 1984), and China (Thompson et al., 1989). Windom (1969) measured 
the dust content in snow from several glaciers in North and Central America and New 
Zealand in order to compare continental verses oceanic dust deposition rates.
The vast extent of glaciers in the mountains of central Asia provide a convenient 
means to measure the depositional flux of atmospheric dust over a wide geographic area. 
Over the past several years we have collected snow, ice, and aerosol samples from glacier
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basins throughout central Asia (Wake 1989; Wake et al 1990; 1991; in review a and b).
Our results indicate that snow and aerosol chemistry in the mountains of central Asia is 
controlled primarily by the influx of desert dust derived from the arid and semi-arid regions 
of Asia. Glaciers close to, and downwind of, large desert basins show high concentrations 
of major ions in snow and aerosol samples, while glaciers distant from source regions of 
dust show significantly lower ion burdens. Snow samples from the southern slopes of the 
eastern Himalaya display very low ion concentrations and are relatively free from the 
dominating chemical influence of Asia dust. Here we report on the regional distribution in 
the concentration and size distribution of microparticles in central Asian snow and ice and 
use this data to quantify the annual rate of dust deposition in four geographical regions in 
the highlands of central Asia.
Landscape/Vegetation Zones and Climatic Regimes
The sample collection sites cover a wide geographic area (Fig VI. 1) and can be 
separated into four distinct regions on the basis of their landscape, as defined by Alekseyev 
et al., (1988), and/or on the basis of their climatic regime (i.e., relative influence of 
monsoonal versus westerly air masses) as reviewed by Barry and Chorley (1982); Li and 
Xu (1984); Hastenrath (1985); Chang and Krishnamurti (1987); Fein and Stephens (1987); 
and Domros and Peng (1988)
(1) Ngozumpa Glacier (site 1) lies on the southern slopes of the eastern Himalaya. 
Mixed forest and small scale agriculture dominate below 4500 m asl, while glaciers and 
mountains dominate above this elevation. Precipitation is derived from monsoonal air 
masses during the summer and from westerly depressions during the winter (Inoue, 1976; 
Barry, 1981).
(2) Hispar Glacier (site 3) lies in the central regions of the Karakoram. The exceptional 
elevation and concentration of peaks over 6000 m asl in the Karakoram produces an 
effective barrier for air masses transported with the mid-latitude westerlies. Orographic 
lifting of westerly derived air masses throughout the year results is very high snow 
accumulation rates above 4000m (Wake, 1989). Occasionally, substantial summer 
snowfalls result from the incursion of monsoonal air masses (Finsterwalder, 1960; Wake, 
1989). Arid and semi-arid conditions predominate below 4000 m due to the rainshadow 
effect and desiccating down-valley wind systems.
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O G laciochem ical Sam ple Collection Sites
I N goium pa Glacier Eastern Himalaya
3 Hispar Glacier Karakoram
4 Xixabangma So Trbeton P lateau
5 Qiang Yong Glacier So hbe tan  Plateau
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7 Meikuang Glacier Eastern Kun Lun
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9 C hongce Ice C ap  Western Kun Lun 
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Figure VI. 1. Location map identifying glaciers where snow and ice samples were collected for 
microparticle analysis. The heavy dashed line represents the 3000 m contour and outlines the Tibetan 
Plateau. All samples were collected within the accumulation zone of each glacier basin. Landscape and 
topographic information were derived from Royal Geographic Society (1987).
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(site 6) all fall within the grassland steppes which dominate the southern and central regions 
of the eastern Tibetan Plateau. This region receives most of its precipitation from summer 
plateau monsoon circulation (Murakami, 1976; Domros and Peng, 1988)
(4) The northern and western regions of the Tibetan Plateau are characterized by semi- 
arid and arid regions (Alekseyev, 1988). Meikuang Glacier (site 7) and the Dunde Ice Cap 
(site 11) lie adjacent to the Qaidam Basin in the northeastern regions of the plateau; 
Mustagh Ata (site 8) and Chongce Ice Cap (site 9) lie adjacent to the Taklamakan desert 
(Fig. VI. 1) and numerous loess deposits (Liu, 1985).
Source A reas fo r D ust in Asia
Descriptions of dust storm activity around the globe are provided by Goudie 
(1983), Middleton et al. (1986) and Middleton (1986; 1989). Several arid and semi-arid 
regions act as source areas for dust in central Asia (Fig. VI.2). Low pressure fronts 
transport dust from the arid regions in western China (i.e., Taklamakan Desert and 
surrounding loess deposits, and the Qaidam Basin) eastward over the Tibetan Plateau, 
eastern China and the Pacific Ocean. Upper level westerly airflow generates point-source 
dust storms in the western and northern regions of the Tibetan Plateau. Low pressure 
fronts moving easterly also create dust storm conditions in the Kara Kum and other deserts 
in Tajikistan, Kyrgyzstan and southern Kazakhstan. In the Thar desert of India and 
Pakistan, dust is transported easterly and northeasterly as a result of strong pressure 
gradients prior to the break of the summer monsoon. Katabatic winds, reinforced by 
topographic funneling of westerlies, generate point-source dust storms in the Karakoram 
and Hindu Kush mountain ranges. The peak in dust storm activity throughout Asia occurs 
during the spring and early summer months, although dust storms do occur at other times 
of the year.
SAM PLING AND ANALYSIS
Sam ple C ollection
Snow and ice samples for this study were collected from snowpits and shallow 
cores at high elevation sites (>5100 m asl) in the accumulation zones of central Asian 
glaciers (Table VI. 1). Continuous records of dust deposition extending for one year or 
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Figure VI.2a. Distribution of intensive dust-stotm activity in Africa, Europe,and Asia 
(after Middleton et al., 1986). The box outlines area shown in Figure VI.2b.
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Figure VI.2b. Distribution of intensive dust-storm activity in central Asia (after 
Middleton et al., 1986). The black area resembling the shape of a whale represents the 
Tibetan Plateau.
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1 Ngozumpa Glacier Himalaya (S. slope) 5700 28.0 86.7
3 Hispar Glacier Karakoram 5150 36.0 75.5
4 Xixabangma Peak So. Tibetan Plateau 6140 28.3 85.2
5 Qiang Yong Glacier So. Tibetan Plateau 5850 28.8 90.2
6 Mt. Geladaindong Tanggula Shan 5950 33.4 91.1
7 Meikuang Glacier Eastern Kun Lun 5480-5769 35.7 94.2
8 Mustagh Ata Pamirs 5910 38.2 75.1
9 Chongce Glacier Western Kun Lun 6327 35.2 81.6
11 Dunde Ice Cap Qilian Shan 5325 43.1 86.8
Yong Glacier, Mt. Geladaindong and Mustagh Ata. Even at 5760 m on Meikuang Glacier, 
we sampled shallow snowpacks (<0.2 m water equivalent) which lay directly on top of 
glacier ice. Seasonal snow accumulation on melts completely during the summer ablation 
season. The record at Meikuang Glacier therefore extends for less than one year. During 
transport, a fim/ice core recovered from Chongce Ice Cap (Han et al., 1989) experienced a 
minor degree of melting; water migration through the fim sections resulted in 
contamination. The microparticle data from Chongce Ice Cap comes only from the ice 
sections of the core and is therefore a discontinuous record; accurate calculation of annual 
water or dust flux is not possible.
Extreme care was taken at all times during sample collection, handling, transport, 
and analysis to ensure sample integrity. Non-particulating clean suits and hoods, plastic 
gloves and particle masks were worn during all sampling procedures. Continuous samples 
were collected over 5 or 10 cm intervals. This corresponds to more than 10 samples per 
annual layer of snow at every site. Samples from Ngozumpa Glacier, Xixabangma Peak, 
Qiang Yong Glacier, Meikuang Glacier, and Chongce Ice Cap were returned to the 
laboratory in a frozen state. These samples were melted for ion analysis and the remaining 
sample was frozen until just prior to microparticle analysis. The snow samples from 
Hispar Glacier and Mustagh Ata were melted in the field and transferred into 30ml
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polyethylene vials for transport. Upon arrival these samples were refrozen and melted just 
prior to microparticle analysis.
M icropartic le  Analyses
Size distributions of microparticle concentrations were measured in a Class 100 
clean room using an Elzone 280PC particle counter (Fiacco, 1991). The samples were 
melted in a hot water bath and prepared for analysis by combining 10 ml of the sample with 
2.5 ml of filtered, 2.08 g ml*1 NaCl solution. This procedure results in an electrolyte 
solution with a concentration similar to the 14% NaCl (by weight) solution used in the 
instrument.
The Elzone particle counter measures the equivalent spherical diameter of insoluble 
particles. The size distribution is divided into 64 channels, the lowest 5 of which are 
ignored due to high instrument noise. Blanks, consisting of filtered Milli-Q water 
(Millipore Corp., Bedford, MA) and concentrated electrolyte, were analyzed prior to 
sample analysis. Each sample was analyzed three times in order to ensure reproducibility.
The samples from Ngozumpa Glacier, which show relatively low concentrations, 
were analyzed using a 30.3 pm orifice (which measures particles in the size range from 
0.65 to 13 pm) and a sample volume of 19.5 pL. The samples from all other sites have 
much higher particle concentrations as well as several particles with diameters large 
enough to block the 30.3 pm orifice. These samples were analyzed using a 48pm orifice 
(which measures particles in the size range from 0.98 to 22 pm) and a sample volume of 
99.9 pL.
The mass of an average particle in each size range was calculated by multiplying the 
mean spherical particle volume by an assumed particle density of 2.6 g cm*3, which 
represents an average value for crustal derived material transported by the wind (Pye,
1987). Particle mass for each size distribution was then determined by multiplying the 
mass of a mean sized particle by the number concentration. The mass of each sample 




The depth profiles of particle concentrations for continuous records extending back 
one year or longer are illustrated in Figure VI.3. Annual layers were delineated using 
visible dust layers in the snowpack and seasonal variations in physical stratigraphy, 
microparticle concentrations, and major ion concentrations. Layers representing "end of 
summer" surfaces are identified in Figure VI.3 with vertical arrows. Both number and 
mass concentrations show distinct seasonal signals at sites Ngozumpa Glacier, 
Xixabangma, Qiang Yong Glacier, Mt. Geladaindong, and Mustagh Ata. At Ngozumpa 
Glacier layers with high particle concentrations occur twice each year. This is the result of 
two distinct snow accumulation seasons; summer snow derived from monsoonal 
circulation and winter snow derived from westerly disturbances (Miller et al., 1965; Barry, 
1981; Inoue, 1976). At Xixabangma, Qiang Yong Glacier, Mt. Geladaindong, and 
Mustagh Ata the annual maximum particle concentrations occur once per year and mark 
summer layers in the snowpack. In contrast to the other sites, particle concentrations show 
no distinct seasonal distribution at Hispar Glacier, instead concentrations peak three to four 
times per year.
Regional Characteristics of Dust Deposition
Number- and mass-size distributions have proven extremely useful for identifying 
characteristics of mineral aerosols collected in, for example, Europe (e.g., Junge, 1963), 
the Sahara (Schiitz and Jaenicke, 1974; Jaenicke and Schiitz, 1978; Junge 1979; Schiitz 
and Sebert, 1987; Wagenbach and Geis, 1989), Colorado and Texas (Patterson and 
Gillette, 1977), the Mojave Desert (Sverdrup et al., 1975), Tajikistan (Gomes and Gillette, 
in review) and Greenland (Steffensen, 1985). Number-size distributions for each site 
(Fig. VI.4) are presented using dN/d(logD) where N is the number of particles per ml of 
sample, and D is particle diameter in pm, for each size interval. Mass-size distributions 
(Fig. VI.5) are presented using dM/d(logD) where M is the mass of particles in pg per kg 
of sample for each size interval.
Each of the four broad geographic regions discussed above display distinct 
signatures in their particle number concentrations and size distributions, particle mass 
concentrations and size distributions, and annual rate of dust deposition. The regional 
variation of these physical properties are presented below.
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Figure VI.3. Depth profiles of particle number concentrations (for particle diameters 
> lpm ) and particle mass concentrations (for particle diameters from 1 to 13 pm) for 
snow samples from Ngozumpa Glacier (site 1). Hispar Glacier (site 3), Ml Geladaindong 
(site 6) and Mustagh Ata (site 8). Arrows mark the "end of summer" surfaces. Note the 
different scales for particle mass and particle number concentrations between sites.
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Number Concentrations and Size Distributions
The mean size-distributions show an logarithmic decrease with increasing grain size 
for particle diameters from 1 to 22|im (Fig. VI.4). In this regard the distributions show 
similarities to the Junge distribution for continental aerosols (Junge, 1963). The geometric 
mean number concentrations for particles with diameters >2pm (Table VI.2) were 
determined in order to compare our data with that available from the Dunde Ice Cap (site 
11; Fig. VI.l)(Thompson et al., 1988).
Table VI.2. Geometric mean* microparticle concentrations measured in central Asian snow




no. of particles 
(x 103) m l'1
l-2|im  >2|im
mass of particles§ 
(Hg g '1)
l-13|im l-22(xm
1 Ngozumpa 1989-90 27 15.9 4.73 0.449 nd**
3 Hispar 1985-88 79 357 17.4 2.28 2.66
4 Xixabangma 1990-91 27 83.8 18.5 1.84 2.30
5 Qiang Yong 1990-91 16 75.7 14.6 1.67 1.95
6 Geladaindong 1988-90 40 133 32.3 2.32 2.63
7 Meikuang Summer'91 12 183 36.6 2.23 2.43
8 Mustagh Ata 1990-92 30 202 74.4 6.10 6.78
9 Chongce 26 499 117 7.53 8.22
11 Dunde 1981-86 44 nd 80.4 nd nd
Here, nd means no data; n is the number of samples analyzed.
* geometric means are used as the microparticle concentrations for all samples from each 
site approaches a lognormal distribution
§ mass of particles was calculated assuming a particle density of 2.6 g cm*3 (Pye, 1987)
* Samples from Ngozumpa Glacier were only analyzed for particles in the size range 
0.60 to 13|im. The geometric mean particle number concentration for the entire size 
range is 59 x 103 m l'1.
Ngozumpa Glacier shows relatively low particle number concentrations and a log- 
linear distribution which is similar to that for samples from the last 1300 years recovered 
from the GISP2 ice core in central Greenland (Mershon et al., in prep). Hispar Glacier
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shows a unique particle distribution with very high number concentrations for particles 
with diameters of 1-2 pm. The number-size distribution shows a distinct upward bulge for 
particles with diameters <2 pm. Glaciers in the southern/eastern regions of the Tibetan 
Plateau (Xixabangma, Qiang Yong and Mt. Geladaindong) display particle number 
concentrations 4.4 to 11 times higher than those Ngozumpa Glacier. Glaciers which lie 
adjacent to large desert basins in western (Mustagh Ata and Chongce) and northeastern 
(Dunde) regions of the Tibetan Plateau show number concentrations for particle diameters 
>2 pm which are three times higher again than glaciers in the southern/eastern regions of 
the Tibetan Plateau . The number-size distributions for particles from Mustagh Ata and 
Chongce Ice Cap show a noticeable departure (concave down) from a log-linear 
distribution.
Mass Concentrations and Size Distributions
The geometric mean mass of microparticles from each glaciers is presented for two 
size ranges (Table VI.2). The mass of particles from 1 to 13pm in diameter is available for 
sites 1 through 9 and forms the basis for investigating the variation in microparticle mass 
concentrations between sites. Comparison of the total mass of particles in the 1 to 22 pm 
diameter size range with those in the 1 to 13 pm diameter range shows that the smaller size 
range accounts for 80% to 92% of the total measured mass.
Ngozumpa shows very low mass concentrations (Table VI.2) and a slight positive 
slope in the mass-size distribution (Fig. VI.5). Hispar Glacier shows a mass concentration 
5 times greater than that at Ngozumpa Glacier and a bimodal mass-size distribution which 
displays peaks at particle diameters of <1 pm and 1-2 pm. Glaciers in the southern/central 
Tibetan Plateau show mass concentrations 3.7 to 5.2 times larger than those at Ngozumpa 
Glacier and mass-size distributions which display weak peaks anywhere from 3-6 pm. 
Mustagh Ata and Chongce Ice Cap show mass concentrations 2.6 to 4.5 times greater than 
for glaciers in the southern/central Tibetan Plateau and a lognormal mass size distribution 
curve which peaks strongly at particle diameters of 3 to 8 pm.
The mass-size distribution of particles at Hispar Glacier is particularly interesting. 
Individual samples show one of four different mass size distributions (Fig. VI.6). 
Seventeen samples show a maximum mass at diameters <1 pm; eighteen samples show a 
maximum between 1 and 2 pm. Two samples display lognormal distributions centered 
between 3 and 7 pm. These same two samples show extremely high number and mass 
concentrations (see samples at =5 meter depth in Fig. VI.3). The remaining samples show 
bimodal mass distributions (with peaks at <1 pm and 1-2 pm diameters) or a flat line mass 











































Figure VI.4. Average number-size particle distributions for snow samples collected from 
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Figure VI.5. Average mass-size particle distributions for snow samples collected from 
eight glaciers in the mountains of central Asia.
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associated with very different concentrations of water soluble ions (Fig VI.6); particles 
with diameters <1 pm are rich in soluble calcium and other soluble ions while 1-2 pm 
diameter particles are relatively inert with respect to soluble chemistry (Wake et al, in 
press).
Annual Dust Deposition
The mass depositional flux of microparticles was calculated by multiplying the 
water equivalent thickness by the mass concentration in each sample. Annual fluxes 
represent the sum of fluxes for all samples in an annual layer (Table VI.3).
Table VI.3. Annual snow accumulation and mass flux of atmospheric dust 
measured on central Asian glaciers
site no. mountain/ 
(Fig. VI. 1) glacier period*
net snow 
accumulation
(g cm-2 y r 1)
dust deposition 
(pg cm-2 y r 1)
l-13pm l-22pm
1 Ngozumpa 1989-90 68 47 —
3 Hispar 1985-86 146 374 422
1986-87 135 385 437
1987-88 116 590 672
4 Xixabangma 1990-91 68 152 217
5 Qiang Yong 1990-91 62 139 169
6 Geladaindong 1988-89 25 123 144
1989-90 56 154 184
8 Mustagh Ata 1990-91 21 226 247
1991-92 27 546 607
* annual layers were delineated using visible dust layers in the snowpack 
and seasonal variations in physical stratigraphy, microparticles 
concentrations, and major ion concentrations. Annual periods run from 
"end of summer" to "end of summer" layers in the snowpack.
Ngozumpa Glacier shows the lowest rate of dust deposition. Hispar Glacier shows 
a relatively high annual dust flux with particle diameters <2 pm  accounting for half of the 
annual flux. The annual rate of dust deposition in the southern/eastern regions of the 
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Figure VI.6. (a) Three different mass-size distributions, and (b) corresponding soluble ion chemistry for two 
of the size distributions (from Section V), identified in individual snow samples from Hispar Glacier (site 3).
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between the low values at Ngozumpa Glacier and the high levels at Hispar Glacier and 
Mustagh Ata. The deposition of particles with diameters ranging from 3 to 7 pm accounts 
for the high rate of dust deposition at Mustagh Ata.
The annual flux of dust at glaciers with 2 or more years of record (i.e., Hispar 
Glacier, Mt. Geladaindong, and Mustagh Ata) appears to be relatively independent of 
annual snow accumulation rates. Annual dust deposition on Hispar Glacier varies 
inversely with annual snow accumulation. Snow accumulation at Mt. Geladaindong 
increased 2.3 times from 1988-89 to 1989-90, while the dust flux only increased 1.2 times. 
The annual dust flux at Mustagh Ata more than doubles from 1990-91 to 1991-92 while 
annual snow accumulation increases less than 30%. These results suggest that at any 
particular location the variation in atmospheric loading is the main cause of year to year 
variation in dust deposition.
D ISC U SSIO N
Each of the four separate geographical regions in the highlands of central Asia 
where snow and ice samples were collected (i.e. eastern Himalaya, Karakoram, 
southern/central Tibetan Plateau, and northern/western Tibetan Plateau) display distinctive 
microparticle concentrations, size distributions, and annual dust deposition rates.
Snow chemistry from Ngozumpa Glaciers has very low Ca++ concentrations and 
annual fluxes, which we interpret as low Asian dust influence (Wake et al., in press). The 
low particle concentrations and low dust deposition rate measured at Ngozumpa Glacier 
confirms that the southern slopes of the eastern Himalayas is little affected by dust derived 
from the arid and semi-arid regions of Asia. The barrier created by the Himalaya 
combined with the predominantly zonal flow above the 500 mb level (Barry and Chorley, 
1982) acts to block the influx of dust generated in the arid regions to the north. In addition, 
dust generated in southwest Asia is not transported far enough east to affect the eastern 
Himalaya (Middleton, 1989).
High concentrations of particles <2 pm characterize eolian dust deposited on Hispar 
Glacier. Several studies have shown that particles with diameters of =1 pm  are resistant to 
scavenging in the atmosphere (e.g., Radke et al., 1980; McGann and Jennings, 1991). 
Snow samples with mass size-distributions which peak at particle diameters of <lpm  and 
1-2 pm and do not show a peak at 5 pm resemble atmospheric aerosol that has traveled 
long distances (i.e., several 1000 km) and has been well sorted by atmospheric scavenging 
processes (e.g., Rahn et al., 1977; Schiitz 1980; Steffensen, 1985; Braaten and Cahill,
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1986). The timing and mass-size distributions suggest it is unlikely that dust storms in Asia 
could be the source of particles <2 pm in the Karakoram as we would expect to see strong 
seasonal signals with maximum dust deposition occurring in spring and/or summer as well 
as a higher concentration of particles with diameters of 2-10 pm.
Clearly, the two mass-size distributions with peaks at <1 pm and 1-2 pm represent 
two separate, distant source regions of mineral aerosol with different chemical 
characteristics. Calcium rich soils are characteristic of arid regions to the west of the 
Karakoram (Gomes and Gillette, in review). Investigations in the Sahara have shown that 
powdery soils rich in calcium are easily eroded even when the wind intensity is low. 
(Rognon et al., 1989). The calcium rich samples might represent sources to the west of the 
Karakoram while the calcium poor samples may come from the south-west. Future 
analyses of particle chemistry may help to confirm these hypotheses. The temporal 
variability in physical and chemical character of dust deposited on the Hispar Glacier does 
serve to emphasize the temporal variation in the size distribution and chemical nature of 
mineral aerosol transported long distances in the atmosphere.
Two samples collected from a 50 mm thick dirty ice layer at a depth of 5 m in the 
snowpack at Hispar Glacier display unique lognormal mass size distributions which peak at 
5 pm. Mass-size distributions which peak in the 5pm range are typical of mineral dust 
samples that have been collected during dust storms (Patterson and Gillette, 1977; Schiitz, 
1980; Gomes and Gillette, in review). Based on our chronology, this dirty ice layer was 
formed in the summer of 1986. In July of 1986, three catastrophic landslides occurred in 
the Bualtar Glacier basin (Hewitt, 1988), approximately 80 km west of the sample 
collection site. Each landslide resulted in major dustfall episode which was reported up to 
25 km away. The high concentrations, mass-size distributions and date of this ice layer 
suggests it represents deposition of dust generated during the 1986 landslides in the Bualtar 
Glacier basin. The decrease in albedo of the surface due to dust deposition was likely a 
critical factor in the formation of the ice layer.
Xixabangma, Qiang Yong Glacier and Mt. Geladaindong display similar number 
and mass concentrations. Mt. Geladaindong which lies closer to the arid regions in the 
northern and western Tibetan Plateau, shows a more distinctive maximum from 4 to7pm 
in the mass-size distribution curve (Fig. VI.5) as well as higher maximum concentrations in 
summer layers (Fig. VI.3). These characteristics suggest a common source region, likely 
the arid regions in the western and northern portions of the Tibetan Plateau and/or the 
deserts on the northern margin of the plateau.
Meikuang Glacier lies in an arid region close to the deserts on the northern 
boundary of the Tibetan Plateau, but shows insoluble microparticle characteristics similar to
105
those at Xixabangma, Qiang Yong Glacier and Mt. Geladaindong. Snow chemistry from 
this site is comparable to sites to the north and west; total ion burdens are much greater than 
sites to the south (Wake et al., in review a). The short period of record from this site is 
perhaps lacking the major dust deposition period. Conversely, the high major ion burden 
measured in snow and aerosol samples from this glacier (Wake et al., in review; in press) 
combined with the low to intermediate microparticle concentrations, suggest that much of 
the aerosol transported to this site is soluble and therefore would not contribute to 
insoluble microparticle concentrations.
The relatively high concentrations, and lognormal mass-size distribution centered at 
3 to 8 pm diameters measured in samples from Mustagh Ata and Chongce Ice Cap in the 
western regions of the Tibetan Plateau are indicative of the influx of dust from local and/or 
regional sources such as the surrounding arid landscape and the Taklamakan desert. The 
Kara Kum and other deserts in Tajikistan, Kyrgyzstan and southern Kazakhstan cannot be 
ruled out as additional source areas for the western regions of the Tibetan Plateau.
Annual Dust Deposition
There is a conspicuous lack of modem dust deposition measurements in remote 
regions of the continents (Prospero, 1989; Schiitz et al., 1989). Here we compare our 
results with those that appear in the published literature for mid-latitude continental sites.
The annual deposition rate of dust shows a more than ten-fold variation between the 
four geographic regions in the highlands of central Asia (Table VI.3). The annual dust 
deposition measured at Ngozumpa Glacier is similar to that reported for Midway (64 pg 
cm'2 y r J) and Oahu (43 pg cm'2 y r 1) in the north Pacific (Uematsu et al., 1985), and in 
the Swiss Alps (60 pg cm*2 y r 1; Wagenbach and Geis, 1989). The annual dust flux at 
Hispar Glacier and Mustagh Ata are comparable to those measured in Japan (500 to 1000 
pg cm'2 y r 1 measured in Japan; Inoue and Naruse, 1987). The highest depositional rates 
we measured in the mountains of central Asia are still much less than rates reported for 
Tajikistan (29,000-49,000 pg cm'2 y r 1; Gillette and Dobrowolski, in review), Beijing 
(24,000 pg cm'2 y r '1; Liu et al., 1981), northern Nigeria (13,700-181, OOOpg cm*2 y r 1; 
McTainish and Walker, 1982), Chad (109,000 pg cm'2 yr*1; Maley, 1980), Arizona (54, 
000 pg cm-2 y r 1; Pewe et al., 1981), Texas (26,000-28,000 pg cm'2 y r  *; Smith et al., 
1970) and Corsica (1,700 pg cm'2 y rL o y e -P ilo t et al., 1986). It appears that high 
elevation accumulation zones in central Asian glaciers are not a major sink for airborne dust 
generated in the arid and semi-arid landscapes of central Asia. However, the dominance of 
particles with diameters <2 pm in the mass-size distributions at Hispar Glacier suggests
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that the Karakoram is an important sink for mineral aerosol which has been transported 
long distances in the atmosphere. While it appears that dust deposition is not directly 
related to snow accumulation (Table VI.3), perhaps the processes which are responsible for 
high snow accumulation in the Karakoram (i.e., orographic lifting of westerly derived air 
masses) are also responsible for removal of particles <2 pm in diameter.
CONCLUSIONS
Analysis of the spatial and temporal variation in the microparticle content of glaciers 
provides valuable data for investigating sources, transport and deposition of mineral 
aerosol in central Asia. The observed variation in microparticle concentrations, size 
distributions, and annual dust deposition in central Asia are dependent upon physiographic 
location of the sampling site with respect to source regions of dust and atmospheric 
transport pathways. The microparticle data presented in this paper defines four distinct 
"dust deposition" regions in the highlands of central Asia (i.e., the southern slopes of 
eastern Himalayas, the Karakoram, and the south-eastern and north-western regions of the 
Tibetan Plateau). Each region is characterized by different source areas of dust and/or 
different transport pathways from source to sampling site.
Glaciers in the eastern Himalaya, the Karakoram and the southern regions of the 
Tibetan Plateau contain records of dust deposition that are representative of conditions in 
the upper troposphere and little affected by boundary layer air. Snow samples from the 
southern slopes of the eastern Himalaya contain particle concentrations and size 
distributions similar to those measured in Greenland and dust deposition rates comparable 
to those measured at remote oceanic sites. Our data suggest that dust records from the 
eastern Himalaya provide a measure of background mineral aerosol loading in the northern 
hemisphere. The Karakoram appears to be a major sink for long traveled mineral aerosol 
particles <2pm  and thus provides a different northern hemisphere signal than that available 
from the eastern Himalayas. Glaciers in southern and central regions of the eastern Tibetan 
Plateau record the influx of dust generated in the arid and semi-arid regions of western 
China and therefore provide a dust deposition records of regional (i.e., Asia) significance. 
Glaciers in the western regions of the Tibetan plateau provide dust deposition records 
mainly of local to regional significance. High elevation glaciers in the eastern Himalayas, 
Karakoram and eastern Tibetan Plateau are therefore most likely to provide long-term (102 
to 104 years) dust deposition records which reflect regional to hemispheric signals.
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V II. CONCLUDING REMARKS
This work represents the completion of a five year project designed to develop a 
data base that describes the spatial distribution of snow and aerosol chemistries, and dust 
deposition, in the mountains of central Asia. While the preceding sections discussed these 
topics separately, this final section provides a unified interpretation of the combined data 
set. Additionally, I review the progress that has been made in fulfilling the original goals 
of our Asian glaciochemical and aerosol sampling program and outline directions for future 
research.
THE COMBINED DATA SET
The "Review of Central Asian Glaciochemical Data" which makes up Section II of 
this dissertation was written in 1989 and, at that time, represented the most detailed 
investigation of the regional distribution of snow chemistry in central Asia. The 
conclusions presented in that paper were clearly preliminary given the spatial and temporal 
limitations of, and lack of consistency in, the existing data set.
Since that paper was written, our glaciochemical sampling and analysis program 
has improved both the quantity and quality of glaciochemical data in central Asia. 
Excluding the questionable data from Yala Glacier in the Langtang Himalaya discussed in 
Section II, the number of glaciers for which we have snow chemistry and dust deposition 
records extending one year or longer has increased from two to eight and now includes 
Ngozumpa Glacier, Sentik Glacier, Hispar Glacier, Xixabangma Peak, Qiang Yong 
Glacier, Mt. Geladaindong, Chongce Ice Cap, and Mustagh Ata. The spatial extent of 
records extending one year or longer has expanded to cover four major physiographic 
regions in central Asia; previously this type of data was only available for one region 
(Western Himalaya/Karakoram). We also added two sites whose records extend for 
approximately four to six months (Meikuang Glacier and Glacier No. 1), which is the 
longest reliable record available from these sites since snow that falls even in the 
accumulation zones of these glaciers melts during the spring/early summer.
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Analyses of major ions (Ck, NC>3’, S04=, Na+, K+, Mg++, Ca**) and particles 
were performed on samples collected from Ngozumpa, Hispar, Xixabangma, Qiang Yong, 
Geladaindong, Meikuang, Mustagh Ata, Chongce and Glacier No. 1, thereby providing a 
consistent and complete data set on which to base our interpretations.
We have also collected aerosol chemistry data for four high elevation sites (> 5000 
meters above sea level) in central Asia. While the aerosol chemistry data set consists of 
only 23 samples, it represents the first regional survey of aerosol chemistry in central Asia.
Unfortunately, the data base developed over the past five years is not without its 
limitations. Originally we had hoped to collected five to ten years of record from each 
sample location. We were unable to accomplish this because: (1) we found seasonal snow 
on top of glacier ice at 5760 m at Meikuang Glacier and at 4140m at Glacier No.l, and only 
one year of snow accumulation on top of glacier ice at 5850 m at Qiang Yong Glacier (2) 
logistical constraints during the field programs at Ngozumpa Glacier and Mt. Geladaindong 
did not allow for the collection of longer records. As a result the snow chemistry and dust 
deposition records from each site span short time periods (i.e. 6 months to 3 years) with 
little overlap (see Table V. 1). Year-to-year variations in the major ion and dust content of 
snow at any one glacier could potentially impact our interpretation of the observed spatial 
patterns. However, the l-to-3 fold variation from year-to-year in the arithmetic mean ion 
and dust concentrations of snow at sites for which there is more than one year of record 
(Sentik, Hispar, Geladaindong, Mustagh Ata) is much less than 4-to-80 fold variations 
observed on a spatial scale (Table VII. 1). This is not to say that the collection of longer 
term records will not produce different geometric mean concentrations for snow at each 
site, but that this change will have little effect with respect to the observed spatial variation 
in ion concentrations.
The lack of longer term (i.e. 10 to 20 years) records for all but Sentik Glacier 
imposes other limitations with respect to interpretation of the data. Obviously with the 
available records we are unable to provide any measure of climate change over the past 10 
to 20 years in central Asia. This, however, was not the major goal of our initial studies, but 
will be a guiding theme in our future work. In addition, while we have been able to 
identify seasonal cycles in major ion and dust deposition, the short term nature of many of 
the records does not allow us to determine whether these cycles are representative over 
longer time periods.
The short-term nature of the aerosol sampling program (i.e., several days) 
combined with the absence of fresh snowfall events concurrent with the collection of 
aerosol samples, did not allow for the development of data sets to address air-snow 
fractionation processes in central Asia. While the aerosol samples collected from central
116
Asia are the first of their kind, it is not possible to uniquely define the chemical content of 
central Asian tropospheric aerosol with only 23 samples collected at four different sites.
Despite these limitations, the glaciochemical, dust deposition, and aerosol data sets 
we have developed over the past five years have advanced our understanding of the 
deposition and source terms of geochemical cycling in central Asia. Section IV (The 
Chemical Composition and Distribution of Aerosols over the Eastern Himalaya and Tibetan 
Plateau During Low Dust Periods), Section V (Regional Distribution of Monsoon and 
Desert Dust Signals in Asian Glaciers), and Section VI (Modem Eolian Dust Deposition in 
Central Asia) demonstrate the systematic regional variation of snow and aerosol 
chemistries, and dust deposition, in central Asia. All three sections focus on the spatial 
distribution of mean concentrations and provide only a limited analysis of temporal (i.e., 
seasonal) variations; the seasonal aspects of major ion chemistry and particle concentrations 
in snow are explored in more detail in Appendix A. Clearly there exists an strong 
relationship, on both spatial and temporal scales, between inputs of mineral aerosol and the 
ion composition of central Asia snow.
The snow and ice sample collection sites cover a wide geographic area and can be 
separated into four distinct regions on the basis of their landscape, as defined by Alekseyev 
et al., (1988), and/or on the basis of their climatic regime (i.e., relative influence of 
monsoonal versus westerly air masses) as reviewed by Barry and Chorley (1982); Li and 
Xu (1984); Hastenrath (1985); Chang and Krishnamurti (1987); Fein and Stephens (1987); 
and Domros and Peng (1988): (1) southern slopes of the eastern Himalaya; (2) western 
Himalaya and Karakoram; (3) grassland steppes in the south-eastern regions of the Tibetan 
Plateau; and (4) arid regions in the northern and western regions of the Tibetan Plateau. 
Each region contains its own distinct characteristics with respect to sources and seasonal 
patterns of snow accumulation as well as concentration and annual deposition of major ions 
and particles (Table VII. 1). For each region I discuss the primary sources of moisture (as 
derived from the literature on meteorology in central Asia), ion and particle concentrations 
and annual fluxes measured in central Asian snow, and the types of environmental signals 
preserved in the snow. I also include a brief discussion of the aerosol data collected 
during the low dust season that is available for three of the four physiographic regions 
outlined above (Table VII.2).
Southern Slopes o f the Eastern Himalaya
The Ngozumpa Glacier (site 1) on the southern slopes of the eastern Himalaya 
contains snow accumulation, snow chemistry, and particle records that are unique 
compared to all other records collected during this study. Snow accumulation in this
Table VII. 1 Regional variation in the concentration and flux of major ions and particles in central Asian snow.
mountain/ snow acc. 
site glacier (gem-2 y r 1)
M A J O F 
geometric mean cone*
(|4eq k g 1)
Ca Na Cl S 04 NO3
I O N S
average annual flux 
(neq cm-2 y r 1)
Ca Na Cl SO4 N 03
P A R T I  C
geom. mean cone* 
(no. m l1) (pg k g 1)
> 1pm l-13|im
:  L E S  
annual flux 
(jig cm '2 y r 1 
l-13pm
S o u t h  Sl o p e  - E a s t e r n H im a l a y a
1 Ngozumpa 56 0.40 0.31 0.33 0.24 0.11 26 22 23 13 9 21 0.4 27
W e s t e r n  H im a l a y a  a n d K a r a k o r a m
2 Sentik** 60 nd 1.6 1.8 nd 0.98 nd 152 146 nd 70 nd nd nd
3 Hispar 130 7.3 0.52 0.89 1.5 2.0 1580 273 146 273 390 357 2.3 510
S o u t h -e a s t e r n  T ib e t a 9 P l a t e a u
4 Xixabangma 68 1.2 0.37 0.54 0.45 0.55 169 34 43 45 45 102 1.8 152
5 Qiang Yong 62 1.2 0.38 0.49 0.36 0.62 137 24 30 24 44 90 1.7 139
6 Geladaindong 30 7.8 1.4 1.3 1.4 1.5 794 78 64 62 74 165 2.3 140
N o r t h e r n  & W e s t e r n ITb e t a n  P l a t e a u
7 Meikuang nd 24 6.8 7.5 4.5 2.1 nd nd nd nd nd 220 2.2 nd
8 Mustagh Ata 24 31 2.4 2.5 5.6 4.0 1400 115 108 182 93 276 6.1 nd
9 Chongce =25 § 64 18 17 16 6.4 nd nd nd nd nd 616 7.5 385
10 Glac. No. 1 43§ 47 8.0 5.5 12 3.1 nd nd nd nd nd nd nd nd
11 Dunde# 40 80 nd 29 16 3.6 nd nd nd nd nd nd nd nd
* geometric mean values are used as the ion and particle data from each site approaches a lognormal distribution.
** snow accumulation and snow chemistry data from Mayewski et al. (1984) and Lyons and Mayewski (1983).
§ snow accumulation data for Chongce Ice Cap comes from Nakawo et al. (1990) and for Glacier No. 1 from Shi and Zhang (1984).
# Snow accumulation, snow chemistry and dust deposition data for Dunde Ice Cap is from Thompson et al. (1990). Flux data is not yet available for this site 
Here, nd means no data. Annual fluxes could not be calculated for Meikuang Glacier or Glac. No 1 because the records extend for only 6 months. The
discontinuous record from Chongce Ice Cap. due to contamination of flm samples during transport, does not allow for accuarate annual flux calcualtions.
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Table VII.2 Regional variation of aerosol chemistry (during low dust season)
in central Asia
site mountain n arith. mean ion burden (peq sc n r1) ion ranking by
(CI+NO3+SO4) (NH4 +Mg+Ca) concentration
S o u t h  S l o p e  - E a s t e r n  H i m a l a y a
1 Ngozumpa 4 6.3 7.9 NH4 > SO4 > NO3 > Ca
S o u t h - e a s t e r n  T ib e t a n  P l a t e a u
4 Xixabangma 7 2.7 2.9 NH4 > SO4 > Ca > Cl
6 Geladaindong 4 6.6 6.8 NH4 > NO3 > SO4 = Ca
N o r t h e r n  &  W e s t e r n  T ib e t a n  P l a t e a u
7 Meikuang 4 194 253 Ca > SO4 > Cl > Mg
n is the number of samples
region occurs during two distinct seasons; summer precipitation is derived from the influx 
of monsoon air masses which transport moisture from the Bay of Bengal, while winter 
precipitation results from westerly depressions which are steered along the southern slopes 
of the Himalayas by the southern arm of the westerly jet stream (Miller et al., 1965; Inoue, 
1976; Yasunari, 1976; Fein and Stephens, 1987; Barry, 1981).
Ion concentrations and annual ion fluxes measured in snow from Ngozumpa 
Glacier are similar to those measured in pre-1900 A.D. snow from central Greenland and in 
snow collected 38 km upwind of the South Pole (Whitlow et al., 1992 and Figure VII. 1). 
Particle number-size distributions are also similar to those measured in central Greenland 
over the past 1300 years (Mershon et al., in prep, and Figure VII.2). The low 
concentration and annual fluxes of major ions and particles (Table VII. 1) indicates that this 
region is not affected by inputs of atmospheric dust derived from the arid and semi-arid 
regions in Asia. Rather the snow records the influx of monsoonal air masses in summer 
(Na and Cl; summer snow accumulation) and westerly derived air masses in winter (Ca, 
Mg, and particles, winter snow accumulation), which is consistent with observation of 
local meteorology (Miller et al., 1965; Inoue, 1976; Yasunari, 1976; Barry, 1981). 
Anthropogenic emissions from India do not appear to directly influence snow chemistry at
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this site. The data suggest that glaciers on the southern slopes of the eastern Himalaya 
contain glaciochemical, particle and snow accumulation records which are sensitive to 
variations in the strength of the Asian monsoon and the winter westerly jet stream.
Western Himalaya and Karakoram
Hispar Glacier (site 3) in the Karakoram receive the highest rates of snow 
accumulation that we measured in the mountains of central Asia (Table VII. 1). This is due 
to the influence of westerly derived sources of moisture year round and occasional inputs 
of monsoon air masses during the summer (Finsterwalder, 1961; Barry, 1981; Wake,
1989). Sentik Glacier (site 2) in the western Himalaya receives a greater portion of its 
precipitation from monsoonal sources (Mayewski et al., 1984; Hastenrath, 1985).
The geometric mean ion and particle mass concentrations at Hispar Glacier, and the 
geometric mean ion concentrations from Sentik Glacier are much greater than those 
measured in snow from Ngozumpa Glacier. Annual fluxes are also much greater compared 
to Ngozumpa Glacier (Table VII. 1). In addition, the particle number data from Hispar 
Glacier reveals high deposition rates for particle with diameters < lpm  and l-2|im, 
suggesting this region is a major sink for particles < 2|im. Planned chemical analysis of 
the particles themselves should provide the critical data to identify discrete source regions.
The record in snow from Hispar Glacier provides a history of inputs from westerly 
derived air masses (particles, especially those <2pm; Ca++, Mgr*"*-, winter snow 
accumulation,) as well Asian dust inputs from the southwest (i.e., Indus Plains in 
Pakistan, north-west India and Afghan Turkestan) and the west (Tajikistan and 
Kyrgyzstan) (particles, Ca++, Mg++, Na+, Cl'). Summer snow accumulation results from 
the influx of both monsoonal and westerly derived air masses (Wake, 1989). Na+ and Cl' 
signals not associated with evaporite dust inputs could potentially provide a measure of the 
summer monsoon influence in this region.
South-Eastern Tibetan Plateau
The south-eastern region of the Tibetan plateau receives the majority of its 
precipitation from summer plateau monsoon circulation (Reiter, 1981; Fein and Stephens, 
1987; Chang and Krishnamurti, 1987; Domros and Peng, 1988). Westerly depressions 
occasionally penetrate into the south-eastern Tibetan Plateau during the winter, resulting in 
large snowfall events (Reiter, 1981; Seko and Takahashi, 1991). Regional circulation 
patterns (Luo and Yanai, 1983) suggest that inputs of particles and dust related chemical 
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Figure VII. 1 (a) Arithmetic mean ion concentrations, and (b) annual fluxes, of pre-1900 
snow from Summit, Greenland and at a site 38 km upwind of the South Pole (data from 
Whitlow et al., 1992), compared to snow from Ngozumpa Glacier Basin on the southern 
slopes of the eastern Himalaya. The Greenland and Antarctic records extend for 641 and 
34 years, respectively, while the record from Ngozumpa Glacier extends for only one 
year. Mean snow accumulation rates over the period of record were 20.9 g cnr2 at 



















Figure VII.2 Comparison of particle number- size distributions for the past 1300 years of 
record from Summit, Greenland(from Mershon et al. in prep.) and for the one year record 
from Ngozumpa Glacier.
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Plateau monsoon inputs are reflected by summer snow accumulation and Na+ and Cl' 
spikes not associated with inputs of dust. Glaciers in this region contain combined records 
of Asian dust (Ca**, Mg-1-*-, particles) and the summer plateau monsoon (Na+, Cl', 
summer snow accumulation), as well as occasional wintertime inputs from westerly 
depressions.
The concentrations of water soluble ions in 11 aerosol samples collected from 
Xixabangma peak and Mt. Geladaindong during periods of low dust in the Asian 
troposphere are similar to those collected on the southern slopes of the eastern Himalaya 
(Table VII.2), and in other remote regions of the globe. This provides evidence that during 
low dust periods the aerosol chemistry is similar in both regions and may even reflect 
similar source regions.
Northern and Western Tibetan Plateau
Precipitation in these regions occurs predominantly during the summer (Domros 
and Peng, 1988; Li and Xu, 1984; Kang and Xie, 1989). Glaciers in the northern and 
western regions of the Tibetan Plateau are surrounded by vast source areas for mineral 
aerosol. Glaciochemical and dust deposition records from five glaciers spread over this 
broad region record the influx of dust derived predominandy from the arid and semi-arid 
regions of western China (i.e. Taklamakan desert and surrounding loess deposits, Qaidam 
Basin, Junggar Desert). Even during low dust periods, atmospheric aerosol at Meikuang 
glacier was dominated by the influx of desert dust (Table VII.2 and Section IV). In 
addition to desert dust signals recorded in snow from the Tien Shan, very high sulfate 
levels reflect the influence of anthropogenic emissions from the nearby industrial city of 
Uriimqi (Section III). Any precipitation chemistry or dust signals of regional significance 
recorded in glaciers in the northern and western regions of the Tibetan Plateau are most 
likely obscured by strong local sources. The only records that are not dominated by local 
inputs appear to be those associated with snow accumulation.
Air Mass Characterization
If we assume that the chemical and dust records in snow provide a reliable record of 
atmospheric conditions, we can use our continental scale snow chemistry and dust 
deposition records to determine the spatial variation in the chemical and dust characteristics 
of the two dominant circulation patterns in central Asia (Fig. VII.3).
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Figure VII. 3. Schematic view of major ion, dust and snow deposition associated with 
westerly circulation during the winter, and westerly and monsoonal circulation in summer 
(compare Fig. 1.3). The Tibetan Plateau is outlined by a thin black line and resembles the 
shape of a whale. The arrows represent the relative seasonal supply of major ions and 
panicles. Chemical signatures in central Asian snow originate from westerly and 
monsoonal air masses. Inputs from upper level easterly flow during the summer were not 
apparent in our records. Air masses derived from the west are characterized primarily by 
calcium, magnesium, particles (and perhaps nitrate and sulfate) while those derived from 
the south are characterized primarily by marine aerosol (sodium and chloride). The thick 
arrows on the northern and south-west margins of the Tibetan Plateau in the bottom panel 
represent dust storm activity which peaks during the spring.
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The high annual flux of Ca-*-*-, Mg++, S04=, NO3-, particles and snow in the 
Karakoram and, to a lesser extent, in the western Himalaya (Table VII. 1) suggests that 
much of the aerosol and moisture transported with the southern arm of the westerly jet 
stream is removed as it ascends the south-western margin of the Tibetan Plateau (i.e., the 
Karakoram). After depositing much of its aerosol and moisture content, the southern arm 
of the westerly jet stream is relatively "clean" as it travels along the southern slopes of the 
Himalayas. However, high winds are capable of transporting dust and snow eroded from 
the high peaks (e.g., Miller et al., 1965). This is recorded as Ca++, Mg** and particle 
peaks in the winter portion of the snowpack at Ngozumpa Glacier (Section V and Appendix 
A).
The northern arm of the westerly jet stream transports vast quantities of dust raised 
from the arid and semi-arid regions to the north and west of the Tibetan Plateau, especially 
during the springtime dust storms period (e.g., Liu et al., 1981; Iwasaka et al., 1983; Rahn 
et al., 1977; Merrill et al., 1989; Gao et al., 1992 and Figure VI.2b). Low pressure fronts 
raise and transport dust from the arid regions of western China eastward while upper level 
westerly airflow generates point-source dust storms in the western and northern regions of 
the Tibetan Plateau (Middleton et al., 1986). This is reflected in high concentrations and 
annual fluxes of particles and ions (Table V H 1), as well as distinct seasonal signals in 
snow chemistry and particle deposition, recorded in glaciers in the northern and western 
regions of the Tibetan Plateau (e.g., Mustagh Ata depth profiles (Section V and VI);
Glacier Number 1 (Section III); Dunde Ice Cap,(Thompson et al., 1990)). In addition, the 
westerlies have the potential to transport sulfur and nitrogen species, as well as other 
chemical constituents, derived from anthropogenic emissions in Europe towards central 
Asia.
Monsoon air is characterized by marine aerosol especially rich in Na+ and Cl'. 
However, the amount of Na+ and Cl' that reaches the Himalayas and eastern Tibetan 
Plateau is likely inversely related to the amount of rainfall as monsoonal air masses track 
over India. In any case, the chemical influence of marine aerosol associated with the 
monsoon is minimal compared to that associated with Asian dust. Therefore monsoon 
signals will only be apparent in snow where dust influences are limited or non-existent. In 
addition, we did not observe any direct inputs derived from anthropogenic emissions in 
India; however, it will require longer and more detailed records to confirm the absence of 
this influence.
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SECTION  II REVISITED
The snow and aerosol chemistry and dust deposition data base for central Asia 
developed over the past five years allows for refinement of some of the interpretations 
presented in Section II (A Review of Central Asian Glaciochemical Data). The refined 
interpretations deal primarily with the influence of Asian dust with respect to Na+ , Cl', and 
NO3' in central Asian snow.
Originally Na+ and Cl" signals at Biafo Glacier in the Karakoram and Sentik Glacier 
in the western Himalaya were interpreted simply as the influx of marine aerosol associated 
with summer monsoon circulation. We now know that Na+ and Cl' in central Asian snow 
can result from inputs of mineral aerosol derived from evaporite deposits as well as from 
marine aerosol (Sections HI, IV, and V). Large springtime dust-storms associated with 
westerly depressions transport dust from the Thar desert easterly and northeasterly 
towards the western Himalaya and the Karakoram (Middleton, 1986; 1989). Sentik 
Glacier (site 2) is 250 km closer to the Thar Desert than the Hispar Glacier, but also 
receives a greater portion of its precipitation from the summer monsoon (Hastenrath,
1985). Several spikes in the Na+ and Cl' record from Sentik Glacier are associated with 
spikes in SiC>2 (Mayewski et al., 1984). The data suggests that Na+ and Cl' signals in this 
region are likely due to both increased dust and monsoonal influences. The very low 
levels of Na+ and Cl' in the record from the Ngozumpa Glacier, combined with low Ca++ 
and particle levels, indicates that dust inputs do not obscure the monsoonal signal in this 
region, and that there is a monsoonal signal which can be differentiated, chemically and 
statistically, from the record.
The high NO3* content in snow from glaciers that border the southern margin of the 
Tibetan Plateau was originally interpreted as representing the influx of mineral aerosol rich 
in NO3'  (Section n, Lyons et al., 1990). It was not clear whether the dust actually 
contained NO3'. While regions with higher dust fluxes show higher nitrate fluxes (Table 
VII. 1), depth profiles of nitrate display little coherence with those of Ca++ or particles 
(Appendix A), suggesting that there is no simple relationship between mineral aerosol and 
NC>3'. This lack of concurrent variation between dust inputs and NO3' is also apparent in 
the aerosol data from Meikuang Glacier (Section IV). The data suggest that short term dust 
deposition episodes do not result in high NO3' deposition, Rather, high mineral aerosol 
levels in the atmosphere over extended periods of time are associated with increased NO3' 
fluxes, suggesting that heterogeneous reaction of available HNO3 and NOx with mineral 
aerosol is responsible for increased fluxes measured in the northern and western regions of
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the Tibetan Plateau as well as the Karakoram and western Himalaya (Table VII. 1). As 
there does not appear to be any large source of nitrogen in central Asia (although locally 
there is certainly gas phase nitrogen emitted during biological activity), dust deposition in 
central Asia may provide a sink for anthropogenic emissions of nitrogen from Europe and 
perhaps North America (Section IV).
FUTURE RESEA RCH
Chemical Analyses o f Samples Already Collected
There are several analyses of our central Asian snow that have not yet been 
completed. All of the samples that were analyzed for major ion and particle concentrations 
are also being analyzed for 8 180  and 8D by J. Jouzel at CNRS Saclay, France. Once 
completed, we hope to use this data set to determine the dominant control(s) on stable 
isotope ratios in central Asia (i.e., source region, transport history, local meteorological 
conditions, temperature, etc.). 8 180  and 8D should also prove useful for confirming the 
source of precipitation (i.e., monsoonal or westerly) as well as the season of deposition.
Trace metal analyses are being undertaken on samples from Ngozumpa Glacier 
(n=2), Xixabangma Peak (n=8), Mustagh Ata (n=5) and Glacier No. 1 (n=2). The 
samples were collected in acid washed one and half liter polyethylene and were returned to 
the laboratory frozen. Determining enrichment factors for various trace metal 
concentrations should provide a measure of inputs from anthropogenic emissions. Organic 
acid analyses, in addition to those for snow from the Tien Shan (Section II) are being 
undertaken on samples from Xixabangma Peak(n=40) and Mustagh Ata (n=10) by M. 
Legrand in Grenoble, France. The samples were collected in glass "Schott" bottles and 
returned to the laboratory in a frozen state. These measurements will be the first of their 
kind from central Asian and provide an indication of the importance of organic acids with 
respect to the ion balance in central Asian snow. Other planned analyses include acid 
neutralizing capacity (ANC) measurements on frozen samples from Xixabangma peak and 
Mustagh Ata to determine the importance of carbonate with respect to the overall ion 
balance in snow from these sites; we hope chemical analysis of particles from several sites 
should provide a tracer to help identify source areas for particles; and chemical analyses of 
soluble ion and particles on 13 aerosol samples from Mustagh Ata will add to our limited 
aerosol chemistry data base.
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Conclusions and Future Field Research Programs
We have been able to develop a data set that describes the spatial and seasonal 
variation of major ions and dust deposition in central Asian snow. Using this data set we 
were able to demonstrate the dominant sources controlling the spatial and seasonal variation 
in the deposition of major ions and dust in central Asia. Chemical analysis of our aerosol 
samples, the first of their kind, has also confirmed that high elevation glacier basins, distant 
from large source areas of mineral aerosol, provide suitable locations from which to 
investigate geochemical cycling in the remote Asian troposphere (Section V).
Even with the limitations in the existing data set, we no longer need to focus solely 
on a spatial survey of snow and aerosol chemistries, and dust deposition, in the mountains 
of central Asia. Rather, our research in the mountains of central Asia will now focus on the 
recovery of shallow (20 to 40m) and intermediate depth (100 to 400m) fim/ice cores for 
chemical and particle analysis, and longer aerosol sample collection programs (daily 
samples over several weeks; monthly samples over an entire year), at individual sites.
If we want to understand climate change in central Asia, we need to develop records 
reflecting variations in the dominant circulation patterns in Asia; namely the westerlies and 
the Asian monsoon. The records contained in central Asian glaciers provide the best means 
for investigating climate change in Asia over the past 1,000 to perhaps 10,000 years. 
However if we are to extract meaningful climate change records from central Asian 
glaciers, we must select glaciers whose records are sensitive to variations in regional 
circulation patterns. This work provides the necessary data base to identify glaciers whose 
records reflect changes in regional to hemispheric scale circulation patters associated with 
the Asian summer monsoon and the westerly jet stream. The results discussed in this 
dissertation therefore provide a solid foundation for guiding future glaciochemical and 
aerosol chemistry investigations in central Asia.
Of the four physiographic regions from which we collected samples, only three 
contain glaciochemical and dust deposition records which are sensitive to regional scale 
variations in the westerlies and the Asian monsoon on an annual to decadal scale.
(1) Glaciers on the southern slopes of the eastern Himalaya hold relatively "clean" 
records of the summer Asian monsoon as well as a measure of the wintertime influence of 
the westerly jet stream.
(2) Glaciers in the Karakoram appear to be a major sink for aerosol and moisture 
carried with the westerlies and therefore should provide records detailing the variation in 
the aerosol and moisture content of westerly jet stream. Glaciers in the western Himalaya 
reflect inputs from both the westerlies and monsoonal circulation.
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(3) Glaciers in the south-eastern regions of the Tibetan Plateau hold records of the 
long range transport (> 500 km) of dust derived from the arid and semi-arid regions in 
western China, as well as records reflecting the influence of summer plateau monsoon and 
wintertime westerly derived air masses.
Glaciochemical and dust deposition records from glaciers in these three regions 
have the greatest potential to improve our understanding of climate change in central Asia 
over periods of decades to centuries. We are now planning a multi-year intensive ice core 
and aerosol sampling program on the southern slopes of the Nepalese Himalayas. The data 
generated by this program will provide the framework to determine, for example, the 
annual to century scale variations in the strength of the summer Asian monsoon, the link 
between the westerly jet stream and winter dust deposition, and the seasonal variation of 
aerosol chemistry in the Asian troposphere at a site not dominated by Asian dust. In 
addition the combined aerosol and snow data should provide valuable insights into air- 
snow fractionation processes in the Asian troposphere. In the future we hope to recover ice 
cores and perform year-long aerosol sampling programs on glaciers in the south-eastern 
regions of the Tibetan Plateau in order to determine the annual to century scale variations in 
the long-range transport of Asian dust and plateau monsoon circulation.
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APPENDIX A
D e p t h  P r o f i l e s  o f  M a j o r  I o n  a n d  M i c r o p a r t i c l e  
C o n c e n t r a t i o n s  f o r  R e c o r d s  R e c o v e r e d  f r o m  c e n t r a l  A s ia
Depth profiles of major ion, particle number, and particle mass concentrations for 
snow and ice samples collected from Ngozumpa Glacier (site 1), Hispar Glacier (site 3), 
Xixabangma Peak (site 4), Qiang Yong Glacier (site 5), Ml Geladaindong (site 6), 
Mustagh Ata (site 8) appear in the following pages. "End of summer" surfaces are 
identified with vertical arrows.
Annual and seasonal layers in central Asian glaciers were determined using an 
interactive process based on three sources of information; physical stratigraphy, seasonal 
patterns of precipitation, and chemical and particle stratigraphy.
First, summer and winter layers were tentatively identified in the field using the 
location of visible dust layers, ice layers and ice lenses, as well as variations in snow 
density, grain size and color. Visible dust layers on alpine glaciers often represent "end 
of summer" surfaces due to concentration of wind blown material during the summer 
ablation period. Dust layers formed in this way are commonly associated with ice layers 
and ice lenses. However, dust layers can also result from large dust depostion events 
(e.g., during the spring dust storm period in western China) and therefore do not always 
represent end of summer surfaces. Also in regions receive a large percentage of their 
annual accumulation during the summer, such as the eastern Himalaya and south-eastern 
regions of the Tibetan Plateau, caution must be used in interpreting the time period 
represented by dust layers. The density, grain size and color of snow also varies 
depending on the season of deposition. However, the seasonal variation in these 
characteristics vary from site to site.
Secondly, seasonal precipitation patterns in each region as discussed in research 
publications and books were investigated. This provides the basis for estimating seasonal 
patterns in snow accumulation and thereby helps identify seasonal layers in the glacier.
Third, depth profiles of major ions and particles were compared to each other and 
with the chronology that had already been established for the snowpack. Strong seasonal 
signal in chemistry and/or particles are then used to help define the transitions between 
different seasonal layers in the glacier.
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Qiang Yong Glacier (site 5)
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M a j o r  I o n  c o n c e n t r a t i o n s  m e a s u r e d  in  C e n t r a l  A s i a n  S n o w
The data in Appendices B and C are stored on the Glacier Research Group's (Institute for 
the Study of Earth, Oceans and Space, University of New Hampshire) "Server" and can
be accessed by electronic mail.
For information please contact this e-mail address (on Intenet): grg@unh.edu
NGOZUMPA GLACIER BASIN (28.0 N; 86.7 E), KHUMBU HIMAL
•sam ples collected in October 1990 from snowpits, shallow firn core and fresh snowfall event 
• m i n o r  m e l t i n g  d u r i n g  t r a n s p o r t  o f  " f r o z e n "  s a m p l e s ;  N H 4  q u e s t i o n a b l e ;  o t h e r  s a m p l e s  m e l t e d  in t h e  f ie ld  
• s a m p l e s  N O T  f i l t e r e d  ( e x c e p t  3 3 2  t o  3 3 4 )
• ( ! - )  =  [Cl]  +  [ N 0 3 ]  +  [ S 0 4 ] ;  ( X + ) =  [N a]  +  [N H 4 ]  + [K] +  [M g]  +  [C a ] ;  A C  =  (X + )  - (X-)
s a m p  d e p t h p h y s i c a l i o n  c o n c e n t r a t i o n s  in p e q / k g N 0 3 :
n o  t o p - m s t r a t i g . Cl N 0 3  S 0 4  ! N a  N H 4  K M g C a I - 1 + A C  S 0 4  Na;C I  C a :M q
SNOWPIT«2 • 5700m 20 Oct 1990 ("FROZEN" SAMPLES)
3 1 9 0 . 0 0 f r e s h  s n o w 0 . 3 1 0 . 5 9 0 . 4 5 0 . 2 5 0 . 3 4 0 . 0 4 0 . 0 4 0 . 4 0 1 . 3 5 1 . 0 7 - 0 . 2 8 1 . 3 0 0 . 8 0 1 0 . 1 3
3 2 1 0 . 2 0 g r a n - h a r d 0 . 7 6 0 . 6 2 0 . 4 9 0 . 5 5 1 . 0 7 0 . 3 5 0 . 0 5 0 . 3 7 1 . 8 7 2 . 3 9 0 . 5 2 1 . 2 6 0 . 7 3 8 . 2 4
3 2 2 0 . 3 0 M 0 . 2 1 0 . 4 1 0 . 5 4 0 . 1 6 0 . 9 3 0 . 0 2 0 . 0 4 0 . 2 3 1 . 1 6 1 . 3 8 0 . 2 2 0 . 7 6 0 . 7 6 6 . 3 2
3 2 3 0 . 4 0 M 0 . 2 7 0 . 2 2 0 . 2 9 0 . 2 4 0 . 5 8 0 . 0 6 0 . 0 3 0 . 2 0 0 . 7 8 1 . 1 2 0 . 3 4 0 . 7 7 0 . 9 1 6 . 2 5
3 2 4 0 . 5 0 0 . 8 0 0 . 1 1 0 . 2 4 0 . 8 3 0 . 4 7 0 . 3 6 0 . 0 3 0 . 2 1 1 . 1 6 1 . 9 0 0 . 7 4 0 . 4 6 1 . 0 3 6 . 4 2
3 2 5 0 . 6 0 0 . 2 4 0 . 1 0 0 . 1 8  ; 0 . 2 5 0 . 2 6 0 . 0 7 0 . 0 3 0 . 1 1 0 . 5 2 0 . 7 2 0 . 2 0 0 . 5 5 1 . 0 3 3 . 2 9
3 2 6 0 . 7 0 M 0 . 1 9 0 . 1 1 0 . 1 8 0 . 1 9 0 . 3 1 0 . 0 7 0 . 0 3 0 . 1 0 0 . 4 8 0 . 7 0 0 . 2 2 0 . 6 0 1 . 0 1 3 . 1 3
3 2 7 0 . 8 0 " 0 . 7 5 0 . 1 3 0 . 3 1 0 . 7 7 0 . 4 5 0 . 2 9 0 . 0 7 0 . 2 7 1 . 1 9 1 . 8 5 0 . 6 6 0 . 4 1 1 . 0 3 3 . 6 5
3 2 8 0 . 9 0 g r a n - s o f t 0 . 2 0 0 . 1 0 0 . 1 7 0 . 1 6 0 . 2 9 0 . 0 4 0 . 0 4 0 . 1 2 0 . 4 7 0 . 6 5 0 . 1 9 0 . 5 7 0 . 7 9 2 . 9 7
3 2 9 1 . 0 0 h ig h  H 2 0 0 . 3 1 0 . 0 7 0 . 1 9 0 . 3 5 0 . 1 9 0 . 1 0 0 . 0 4 0 . 1 2 0 . 5 7 0 . 8 0 0 . 2 4 0 . 3 6 1 . 1 1 3 . 0 7
3 3 0 1 . 1 0 M 0 . 2 1 0 . 0 4 0 . 1 3 0 . 2 1 0 . 2 3 0 . 0 7 0 . 0 4 0 . 1 0 0 . 3 9 0 . 6 5 0 . 2 6 0 . 3 1 0 . 9 9 2 . 7 5
3 3 1 1 . 2 0 M 0 . 1 9 0 . 0 3 0 . 1 1 0 . 1 6 0 . 2 9 0 . 0 6 0 . 0 5 0 . 1 2 0 . 3 2 0 . 6 8 0 . 3 6 0 . 2 9 0 . 8 8 2 . 5 9
3 3 2 1 . 3 0 d i r ty  l a y e r 0 . 0 8 0 . 0 9 0 . 1 4 0 . 0 5 0 . 7 5 0 . 1 5 0 . 1 4 0 . 8 1 0 . 3 2 1 . 9 0 1 . 5 8 0 . 6 3 0 . 5 4 5 . 8 3
3 3 3 1 . 4 0 g r a n - s o f t 2 . 2 3 0 . 0 8 0 . 3 6 2 . 4 6 0 . 9 6 1 . 1 9 0 . 1 0 0 . 5 8 2 . 6 7 5 . 2 9 2 . 6 2 0 . 2 3 1 . 1 1 5 . 8 2
3 3 4 1 . 5 0 g r e y 0 . 3 0 0 . 0 6 0 . 1 6 0 . 3 4 0 . 4 8 0 . 1 5 0 . 0 8 0 . 3 8 0 . 5 2 1 . 4 4 0 . 9 2 0 . 3 9 1 . 1 4 4 . 6 7
3 3 5 1 . 6 0 m 0 . 2 6 0 . 0 4 0 . 1 7 0 . 2 9 0 . 3 9 0 . 1 2 0 . 0 9 0 . 3 4 0 . 4 7 1 . 2 2 0 . 7 5 0 . 2 5 1 . 1 3 3 . 8 7
3 3 6 1 . 7 0 " 0 . 3 1 0 . 1 1 0 . 1 3 0 . 2 6 1 . 0 8 0 . 0 7 0 . 0 5 0 . 6 0 0 . 5 5 2 . 0 6 1 . 5 1 0 . 8 1 0 . 8 4 1 3 . 0 4
3 3 7 1 . 8 0 M 0 . 2 3 0 . 0 6 0 . 1 3 0 . 1 9 0 . 5 9 0 . 0 6 0 . 1 1 0 . 3 9 0 . 4 2 1 . 3 4 0 . 9 3 0 . 4 8 0 . 8 5 3 . 4 1
3 3 8 1 . 9 0 M 0 . 2 9 0 . 0 5 0 . 1 1 0 . 2 9 0 . 4 3 0 . 1 0 0 . 0 5 0 . 1 8 0 . 4 4 1 . 0 5 0 . 6 2 0 . 4 3 1 . 0 0 3 . 9 4
3 3 9 2 . 0 0 “ 0 . 2 2 0 . 0 6 0 . 1 2 0 . 2 4 0 . 3 3 0 . 0 5 0 . 0 6 1 . 5 2 0 . 4 0 2 . 2 0 1 . 8 0 0 . 5 3 1 . 0 6 2 4 . 3 9
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NGOZUMPA GLACIER BASIN (28.0 N; 86.7 E), KHUMBU HIMAL
•sam ples collected in October 1990 from snowpits, shallow firn core and fresh snowfall event 
• m i n o r  m e l t i n g  d u r i n g  t r a n s p o r t  o f  " f r o z e n "  s a m p l e s ;  N H 4  q u e s t i o n a b l e ;  o t h e r  s a m p l e s  m e l t e d  in t h e  f ie ld  
• s a m p l e s  N O T  f i l t e r e d  ( e x c e p t  3 3 2  t o  3 3 4 )
• ( ! - )  = icq + [ N 0 3 ]  +  [ S 0 4 ] ; (Z+) = [NaJ +  [N H 4 ] +  pq + (M g) + [C a ] ;  A C = (1+) - (I-)
s a m p d e p t h p h y s i c a l i o n  c o n c e n t r a t i o n s  in p e q / k g N 0 3 :
n o t o p - m s t r a t i g . C l N 0 3 S 0 4 N a N H 4 K M g C a I- 1+ A C S 0 4 Na:CI C a :M g
3 4 0 2 . 1 0 M 0 . 3 0 0 . 0 5 0 . 1 0 0 . 2 6 0 . 3 6 0 . 0 4 0 . 0 5 1 . 5 2 0 . 4 5 2 . 2 3 1 . 7 7 0 . 5 6 0 . 8 5 3 1 . 8 8
HRN CORE - MELTED SAMPLES
3 4 1 2 . 2 0 g r a n - h a r d 0 . 3 3 0 . 1 8 0 . 4 3 0 . 3 7 0 . 9 6 0 . 1 7 0 . 1 5 1 . 2 4 0 . 9 3 2 . 9 0 1 . 9 7 0 . 4 1 1 . 1 4 8 . 1 9
3 4 2 2 . 3 0 « 0 . 3 7 0 . 1 5 0 . 3 4 0 . 4 6 0 . 7 7 0 . 2 1 0 . 1 8 0 . 7 0 0 . 8 6 2 . 3 1 1 . 4 6 0 . 4 5 1 . 2 4 3 . 8 3
3 4 3 2 . 4 0 d i r ty  l a y e r 0 . 4 2 0 . 2 0 0 . 4 3 0 . 6 0 0 . 4 2 0 . 3 4 0 . 2 7 1 . 5 3 1 . 0 5 3 . 1 5 2 . 1 0 0 . 4 6 1 . 4 4 5 . 6 7
3 4 4 2 . 5 0 g r a n - h a r d 0 . 5 2 0 . 1 8 0 . 5 1 0 . 7 6 0 . 6 9 0 . 4 6 0 . 2 5 1 . 5 3 1 . 2 2 3 . 6 9 2 . 4 7 0 . 3 6 1 . 4 5 5 . 9 9
3 4 5 2 . 6 0 • 0 . 2 6 0 . 1 0 0 . 3 1 0 . 2 5 1 . 1 4 0 . 1 2 0 . 1 3 0 . 6 4 0 . 6 7 2 . 2 8 1 . 6 1 0 . 3 3 0 . 9 9 4 . 8 2
3 4 6 2 . 7 0 ii 0 . 3 7 0 . 1 1 0 . 3 5 0 . 3 6 0 . 3 5 0 . 1 4 0 . 1 8 0 . 8 2 0 . 8 3 1 . 8 5 1 . 0 3 0 . 3 2 0 . 9 8 4 . 6 3
3 4 7 2 . 8 0 " 0 . 2 5 0 . 1 0 0 . 3 1 0 . 3 4 0 . 6 8 0 . 1 3 0 . 1 5 0 . 7 9 0 . 6 6 2 . 0 8 1 . 4 2 0 . 3 2 1 . 3 5 5 . 4 0
3 4 8 2 . 9 0 ii 0 . 2 5 0 . 1 1 0 . 4 1 0 . 3 0 0 . 5 2 0 . 1 3 0 . 1 1 0 . 9 1 0 . 7 7 1 . 9 7 1 . 2 1 0 . 2 6 1 . 2 0 8 . 5 7
3 4 9 3 . 0 0 ii 0 . 2 4 0 . 1 2 0 . 3 2 0 . 2 5 1 . 0 9 0 . 1 1 0 . 0 9 0 . 4 8 0 . 6 7 2 . 0 2 1 . 3 4 0 . 3 7 1 . 0 2 5 . 5 9
ARITHM ETIC MEAN 0 . 3 9 0 . 1 5 0 . 2 7 0 . 4 1 0 . 5 8 0 . 1 8 0 . 0 9 0 . 5 8 0 . 8 0 1 . 8 3 1 . 0 3 0 . 5 1 1 . 0 1 6 . 9 4
S T D  D E V 0 . 3 9 0 . 1 4 0 . 1 4 0 . 4 3 0 . 3 0 0 . 2 2 0 . 0 7 0 . 4 7 0 . 5 1 1 . 0 2 0 . 7 5 0 . 2 6 0 . 2 1 6 . 3 0
M N 0 . 0 8 0 . 0 3 0 . 1 0 0 . 0 5 0 . 1 9 0 . 0 2 0 . 0 3 0 . 1 0 0 . 3 2 0 . 6 5 - 0 . 2 8 0 . 2 3 0 . 5 4 2 . 5 9
MAX 2 . 2 3 0 . 6 2 0 . 5 4 2 . 4 6 1 . 1 4 1 . 1 9 0 . 2 7 1 . 5 3 2 . 6 7 5 . 2 9 2 . 6 2 1 . 3 0 1 . 4 5 3 1 . 8 8
n 3 0 3 0 3 0 3 0 3 0 3 0 3 0 3 0 3 0 3 0 3 0 3 0 3 0 3 0
NGOZUMPA GLACIER BASIN (28.0 N; 86.7 E), KHUMBU HIMAL
■samples collected in October 1990 from snowpits, shallow firn core and fresh snowfall event 
• m i n o r  m e l t i n g  d u r i n g  t r a n s p o r t  o f  " f r o z e n "  s a m p l e s ;  N H 4  q u e s t i o n a b l e ;  o t h e r  s a m p l e s  m e l t e d  in t h e  f ie ld  
• s a m p l e s  N O T  f i l t e r e d  ( e x c e p t  3 3 2  t o  3 3 4 )
• ( ! - )  = [Cl] + [ N 0 3 ]  +  [ S 0 4 ] ; (1+) = [N a] +  [N H 4] ♦  [K] + [M g] +  [C a ] ;  A C = (1+) - ( ! - )
s a m p d e p t h p h y s i c a l io n  c o n c e n t r a t i o n s  in p e q / k g N 0 3 :
n o t o p - m s t r a t i g . Cl N 0 3 S 0 4 N a N H 4  K M g C a X- X+ A C S 0 4 N a C I C a :M g
SNOWPITil -5430m 19 Oct (MELTED SAMPLES)
3 0 5 0 . 0 0 c r u s t 0 . 5 4 1 . 2 4 1 . 7 6 0 . 3 5 0 . 0 7 0 . 1 2 2 . 8 3 3 . 5 4 3 . 3 7 - 0 . 1 7 0 . 7 1 0 . 6 6 2 3 . 3 8
3 0 6 0 . 0 2 f r e s h 0 . 1 8 0 . 5 4 0 . 3 5 0 . 1 4 0 . 0 3 0 . 0 4 0 . 8 5 1 . 0 8 1 . 0 6 - 0 . 0 2 1 . 5 3 0 . 7 6 2 0 . 7 5
3 0 7 0 . 0 7 g r a n 0 . 2 8 1 . 5 2 0 . 3 7 0 . 2 6 0 . 1 0 0 . 0 7 3 . 3 6 2 . 1 7 3 . 7 9 1 . 6 2 4 . 1 1 0 . 9 2 4 6 . 6 2
3 0 8 0 . 1 2 i c e  l e n s 0 . 2 9 1 . 1 4 0 . 4 1 0 . 1 6 0 . 0 3 0 . 0 6 0 . 5 1 1 . 8 4 0 . 7 6 - 1 . 0 8 2 . 7 7 0 . 5 6 8 . 8 9
3 0 9 0 . 1 7 g r a n 0 . 2 2 0 . 5 6 0 . 4 0 0 . 2 3 0 . 0 3 0 . 0 3 0 . 2 1 1 . 1 8 0 . 5 0 - 0 . 6 8 1 . 4 3 1 . 0 0 6 . 2 8
3 1 0 0 . 2 2 g r a n 0 . 2 7 0 . 8 2 0 . 4 6 0 . 1 7 0 . 0 4 0 . 1 0 1 . 0 1 1 . 5 5 1 . 3 2 - 0 . 2 3 1 . 7 8 0 . 6 5 1 0 . 4 3
3 1 1 0 . 2 7 g r a n 0 . 1 7 0 . 3 0 0 . 5 3 0 . 1 1 0 . 0 2 0 . 0 4 0 . 3 1 1 . 0 0 0 . 4 9 - 0 . 5 1 0 . 5 7 0 . 6 9 7 . 9 5
3 1 2 0 . 3 2 g r a n 0 . 2 7 0 . 1 7 0 . 3 0 0 . 2 7 0 . 0 5 0 . 0 5 0 . 4 0 0 . 7 4 0 . 7 8 0 . 0 4 0 . 5 8 1 . 0 1 7 . 7 8
3 1 3 0 . 3 7 g r a n 0 . 1 6 0 . 0 6 0 . 1 9 0 . 1 7 0 . 0 5 0 . 0 5 0 . 1 2 0 . 4 1 0 . 3 9 - 0 . 0 2 0 . 3 3 1 . 0 8 2 . 6 2
ARITHM ETIC MEAN 0 . 2 6 0 . 7 1 0 . 5 3 0 . 2 1 0 . 0 5 0 . 0 6 1 . 0 7 1 . 5 0 1 . 3 8 - 0 . 1 2 1 . 5 3 0 . 8 1 1 4 . 9 6
S T D  D E V 0 . 1 1 0 . 5 1 0 . 4 7 0 . 0 8 0 . 0 2 0 . 0 3 1 . 1 9 0 . 9 4 1 . 2 8 0 . 7 5 1 . 2 4 0 . 1 9 1 3 . 6 6
FRESH SNOW - 4410m 14 Oct 1990 (MELTED SAMPLES)
3 0 0 1 0  c m f i n e  g r 0 . 2 0 0 . 2 8 0 . 6 7 0 . 1 2 0 . 0 1 0 . 0 3 0 . 5 2 1 . 1 4 0 . 6 8 - 0 . 4 7 0 . 4 2 0 . 6 2 1 9 . 9 1
3 0 1 s t e l l a r 0 . 2 2 0 . 3 6 1 . 0 1 0 . 1 8 0 . 0 4 0 . 0 5 0 . 9 6 1 . 5 8 1 . 2 2 - 0 . 3 6 0 . 3 6 0 . 8 1 1 8 . 8 6
3 0 2 f lu f f y 0 . 2 9 0 . 3 5 0 . 9 5 0 . 2 2 0 . 0 5 0 . 0 4 1 . 3 6 1 . 5 8 1 . 6 8 0 . 0 9 0 . 3 7 0 . 7 7 3 1 . 8 5
3 0 3 0 . 3 1 0 . 3 2 0 . 6 6 0 . 2 3 0 . 0 7 0 . 0 3 0 . 5 8 1 . 2 9 0 . 9 1 - 0 . 3 8 0 . 4 9 0 . 7 7 1 9 . 8 4
3 0 4 0 . 1 8 0 . 2 9 0 . 7 3 0 . 1 3 0 . 0 1 0 . 0 4 0 . 5 6 1 . 2 0 0 . 7 5 - 0 . 4 5 0 . 4 0 0 . 7 3 1 2 . 7 3
ARITHM ETIC M EAN 0 . 2 4 0 . 3 2 0 . 8 0 0 . 1 8 0 . 0 4 0 . 0 4 0 . 7 9 1 . 3 6 1 . 0 5 - 0 . 3 1 0 . 4 0 0 . 7 4 2 0 . 6 4
S T D  D E V 0 . 0 5 0 . 0 4 0 . 1 6 0 . 0 5 0 . 0 2 0 . 0 1 0 . 3 6 0 . 2 1 0 . 4 1 0 . 2 3 0 . 0 5 0 . 0 7 6 . 9 4
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SENTIK GLACIER (34.0 N; 76.1 E) - LADAKH HIMALAYA
• s a m p l e s  c o l l e c t e d  f r o m  f i rn / i c e  c o r e  in 1 9 8 0 ;  s e e  M a y e w s k i  e t  a l .  ( 1 9 8 4 )  
• C o r e  s a m p l e d  e v e r y  8 c m  b u t  o n ly  e v e r y  s e c o n d  s a m p l e  a n a l y z e d  
• S a m p l e s  m e l t e d  in  t h e  f ie ld  a n d  N O T  f i l t e r e d
s a m p d e p t h Cl N 0 3 & N 0 2 N a S i 0 2 Na:CI
n o . t o p - m io n  c o n e  in p E q / k g pM
1 9 0 . 1 2 5 . 6 3 0 . 1 0 7 . 5 4 1 . 3 4
2 1 0 . 2 8 4 . 6 6 1 5 . 4 0
2 3 0 . 4 4 3 . 8 1 0 . 1 3 2 . 4 3 7 . 2 0 0 . 6 4
2 5 0 . 6 0 1 . 9 5 0 . 4 7 0 . 9 0 2 . 8 3 0 . 4 6
2 7 0 . 7 6 2 . 6 6 1 . 5 5
2 9 0 . 9 2 1 0 . 4 8 2 . 7 2 6 . 2 4 2 . 7 6 0 . 6 0
3 1 1 . 0 8 2 . 3 5 1 . 8 6 2 . 6 6 3 . 1 9 1 . 1 3
3 3 1 . 2 4 1 . 0 3 0 . 7 3 0 . 8 5 0 . 1 0 0 . 8 3
3 5 1 . 4 0 0 . 5 5 1 . 0 6 0 . 5 9 1 . 3 6 1 . 0 7
3 7 1 . 5 6 2 . 5 1 3 . 3 5 1 . 3 8 0 . 9 6 0 . 5 5
3 9 1 . 7 2 6 . 3 4 3 . 2 4 3 . 7 6 1 . 2 5 0 . 5 9
4 1 1 . 8 8 4 . 1 1 3 . 1 9 3 . 6 7 4 . 0 6 0 . 8 9
4 3 2 . 0 4 1 . 4 0 1 . 2 2 0 . 6 5 0 . 3 9 0 . 4 6
4 5 2 . 2 0 0 . 5 8 1 . 4 6 0 . 2 0 0 . 8 3 0 . 3 4
4 7 2 . 3 6 1 . 4 0 1 . 5 3 0 . 5 6 3 . 7 9 0 . 4 0
4 9 2 . 5 2 0 . 9 4 1 . 7 7 0 . 6 2 1 . 5 7 0 . 6 6
5 1 2 . 6 8 6 . 8 2 1 . 9 0 1 5 . 2 0 9 5 . 1 7 2 . 2 3
5 3 2 . 8 4 6 . 6 6 2 . 3 0 5 . 9 6 5 . 6 0 0 . 8 9
5 5 3 . 0 0 2 5 . 0 0 2 . 1 3 1 6 . 0 4 2 4 . 3 6 0 . 6 4
5 7 3 . 1 6 3 0 . 0 0 2 . 4 7 7 . 2 8 2 5 . 4 1 0 . 2 4
5 9 3 . 3 2 3 . 6 3 2 . 5 8 4 . 9 1 1 5 . 9 6 1 . 3 5
6 1 3 . 4 8 4 . 1 3 2 . 0 4 1 6 . 8 6 4 . 0 8
6 3 3 . 6 4 9 . 0 8 1 . 8 8 6 . 2 7 1 . 6 4 0 . 6 9
6 5 3 . 8 0 1 0 . 9 8 1 . 3 9 1 0 . 1 1 2 . 7 9 0 . 9 2
6 7 3 . 9 6 2 5 . 0 0 3 . 0 4 2 8 . 0 0 2 8 . 2 0 1 . 1 2
6 9 4 . 1 2 7 . 1 9 0 . 1 0 9 . 2 4 6 0 . 4 8 1 . 2 9
7 1 4 . 2 8 2 . 3 7 0 . 3 6 3 . 5 0 4 . 9 5 1 . 4 8
7 3 4 . 4 4 0 . 5 5 0 . 2 0 0 . 5 6 4 . 3 4 1 . 0 2
7 5 4 . 6 0 0 . 5 2 0 . 1 6 0 . 9 3 3 . 5 2 1 . 7 9
7 7 4 . 7 6 2 . 1 7 0 . 4 8 0 . 3 1 2 . 1 9 0 . 1 4
7 9 4 . 9 2 0 . 9 7 0 . 7 2 0 . 0 3 1 . 6 9 0 . 0 3
8 1 5 . 0 8 2 . 8 9 0 . 8 2 5 . 3 7 3 0 . 1 5 1 . 8 6
8 3 5 . 2 4 0 . 9 2 0 . 7 3 3 . 2 5 3 . 5 3
8 5 5 . 4 0 2 . 4 9 0 . 6 7 4 . 7 7 1 3 . 8 6 1 . 9 2
8 7 5 . 5 6 1 . 0 2 0 . 1 0 1 2 . 6 6 8 . 2 2 1 2 . 4 1
8 9 5 . 7 2 2 . 7 5 0 . 8 2 0 . 9 9 6 . 2 6 0 . 3 6
9 1 5 . 8 8 4 . 0 5 2 . 6 2 2 . 5 1 4 . 9 8 0 . 6 2
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SENTIK GLACIER (34.0 N; 76.1 E) - LADAKH HIMALAYA
• s a m p l e s  c o l l e c t e d  f r o m  f i rn / i c e  c o r e  in 1 9 8 0 ;  s e e  M a y e w s k i  e t  a l .  ( 1 9 8 4 )  
• C o r e  s a m p l e d  e v e r y  8 c m  b u t  o n ly  e v e r y  s e c o n d  s a m p l e  a n a l y z e d  
• S a m p l e s  m e l t e d  in t h e  f ie ld  a n d  N O T  f i l t e r e d
s a m p d e p t h Cl N 0 3  & N 0 2 N a S i 0 2 Na:CI
n o . t o p - m Ion c o n e  in p E q / k g liM
9 3 6 . 0 4 1 . 7 3 1 . 5 9 3 . 1 6 8 . 5 9 1 . 8 3
9 5 6 . 2 0 0 . 7 8 1 . 1 0 0 . 8 5 2 . 1 6 1 . 0 9
9 7 6 . 3 6 0 . 8 9 1 . 0 0 0 . 0 6 1 . 8 3 0 . 0 7
9 9 6 . 5 2 1 . 6 8 1 . 4 2 1 . 7 8 4 . 3 2 1 . 0 6
1 0 1 6 . 6 8 2 . 8 1 3 . 9 3 1 . 4 4 2 . 6 3 0 . 5 1
1 0 3 6 . 8 4 1 . 3 9 3 . 1 0 1 . 6 9 2 . 6 8 1 . 2 2
1 0 5 7 . 0 0 2 . 4 4 3 . 4 2 2 . 3 4 5 . 2 6 0 . 9 6
1 0 7 7 . 1 6 1 . 8 1 1 . 9 3 1 . 2 1 6 . 2 4 0 . 6 7
1 0 9 7 . 3 2 1 . 2 1 0 . 1 0 1 . 8 1 6 . 8 3 1 . 5 0
1 1 1 7 . 4 8 1 . 6 5 0 . 6 6 1 . 4 4 5 . 7 0 0 . 8 7
1 1 3 7 . 6 4 0 . 7 7 0 . 1 0 1 . 1 9 5 . 9 2 1 . 5 5
1 1 5 7 . 8 0 3 . 8 5 1 . 3 5 1 . 3 3 5 . 0 4 0 . 3 5
1 1 7 7 . 9 6 1 . 0 7 1 . 2 2 1 . 6 1 5 . 7 4 1 . 5 0
1 1 9 8 . 1 2 2 . 3 5 4 . 4 0 0 . 8 2 2 . 3 0 0 . 3 5
1 2 1 8 . 2 8 1 . 4 3 3 . 1 0 1 . 3 3 2 . 1 8 0 . 9 3
1 2 3 8 . 4 4 1 . 3 6 1 . 9 2 0 . 5 6 1 . 7 0 0 . 4 1
1 2 5 8 . 6 0 1 . 3 0 2 . 0 0 1 . 7 2 2 . 4 9 1 . 3 2
1 2 7 8 . 7 6 1 . 2 5 1 . 7 4 0 . 7 6 0 . 2 5 0 . 6 1
1 2 9 8 . 9 2 0 . 9 2 0 . 4 6 1 . 2 1 5 . 5 0 1 . 3 2
1 3 1 9 . 0 8 0 . 8 9 0 . 5 5 0 . 4 0 1 . 1 4 0 . 4 5
1 3 3 9 . 2 4 2 . 0 5 0 . 4 6 0 . 2 3 0 . 5 2 0 . 1 1
1 3 5 9 . 4 0 1 . 8 0 1 . 7 5 3 . 8 7 1 . 5 2 2 . 1 5
1 3 7 9 . 5 6 2 . 0 2 3 . 2 8 1 . 1 0 7 . 5 8 0 . 5 4
1 3 9 9 . 7 2 1 . 8 7 2 . 2 6 0 . 8 2 2 . 9 4 0 . 4 4
1 4 1 9 . 8 8 2 . 3 5 1 . 1 6 4 . 0 4 8 . 4 1 1 . 7 2
1 4 3 1 0 . 0 4 4 . 3 8 1 . 6 9 3 . 4 2 3 . 3 9 0 . 7 8
1 4 5 1 0 . 2 0 5 . 9 6 2 . 8 9 6 . 2 1 1 . 0 4
1 4 7 1 0 . 3 6 1 . 2 4 2 . 7 6 0 . 9 9 2 . 8 0 0 . 8 0
1 4 9 1 0 . 5 2 1 . 4 4 1 . 9 3 1 . 8 1 3 . 9 9 1 . 2 6
1 5 1 1 0 . 6 8 0 . 9 3 1 . 4 1 0 . 9 3 1 . 6 4 1 . 0 0
1 5 3 1 0 . 8 4 1 . 9 7 1 . 8 6 1 . 4 7 4 . 4 2 0 . 7 5
1 5 5 1 1 . 0 0 7 . 0 6
1 5 7 1 1 . 1 6 0 . 9 8 0 . 1 2 1 . 3 6 3 . 3 7 1 . 3 9
1 5 9 1 1 . 3 2 1 . 6 1 0 . 4 0 1 . 6 7 2 . 1 4 1 . 0 4
1 6 1 1 1 . 4 8 1 . 2 3 0 . 8 1 1 . 5 8 3 . 6 1  ! 1 . 2 8
1 6 3 1 1 . 6 4 0 . 9 3 0 . 9 1 0 . 8 2 1 . 2 6 0 . 8 8
1 6 5 1 1 . 8 0 0 . 4 7 0 . 9 2 0 . 9 0 0 . 7 0 1 . 9 1
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SENTIK GLACIER (34.0 N; 76.1 E) - LADAKH HIMALAYA
• s a m p l e s  c o l l e c t e d  f r o m  f i m / i c e  c o r e  in 1 9 8 0 ;  s e e  M a y e w s k i  e t  a l .  ( 1 9 8 4 )  
• C o r e  s a m p l e d  e v e r y  8 c m  b u t  o n ly  e v e r y  s e c o n d  s a m p l e  a n a l y z e d  
• S a m p l e s  m e l t e d  in t h e  f ie ld  a n d  N O T  f i l te re d
s a m p d e p t h Cl N 0 3  & N 0 2 N a S i 0 2 N a:C I
n o . t o p - m ion c o n e  in p E q / k g pM
1 6 7 1 1 . 9 6 0 . 8 3 1 . 2 7 0 . 2 8 0 . 6 7 0 . 3 4
1 6 9 1 2 . 1 2 0 . 8 6 1 . 3 1 0 . 6 8 2 . 5 2 0 . 7 9
1 7 1 1 2 . 2 8 1 . 3 9 1 . 8 4 1 . 1 0 1 . 3 6 0 . 7 9
1 7 3 1 2 . 4 4 0 . 5 0 1 . 4 7 0 . 6 5 3 . 2 5 1 . 3 0
1 7 5 1 2 . 6 0 2 . 5 1
1 7 7 1 2 . 7 6 2 . 2 7 2 . 6 3 3 . 7 6 3 . 5 7 1 . 6 6
1 7 9 1 2 . 9 2 0 . 7 8 0 . 5 0 1 . 1 9 5 . 0 8 1 . 5 3
1 8 1 1 3 . 0 8 0 . 9 1 0 . 1 0 1 . 1 0 3 . 4 8 1 . 2 1
1 8 3 1 3 . 2 4 0 . 9 3 0 . 1 0 1 . 6 4 4 . 2 4 1 . 7 6
1 8 5 1 3 . 4 0 1 . 3 1 1 . 7 0 0 . 4 2 1 . 5 6 0 . 3 2
1 8 7 1 3 . 5 6 1 . 8 9 1 . 1 1 0 . 6 5 2 . 0 6 0 . 3 4
1 8 9 1 3 . 7 2 0 . 9 3 1 . 6 1 0 . 4 2 2 . 5 9 0 . 4 5
1 9 1 1 3 . 8 8 0 . 6 1 0 . 1 0 1 . 0 2 4 . 2 4 1 . 6 7
1 9 3 1 4 . 0 4 1 . 9 2 2 4 . 9 9
1 9 5 1 4 . 2 0 1 . 0 6 0 . 9 4 1 . 2 4 3 . 7 0 1 . 1 7
1 9 7 1 4 . 3 6 0 . 6 0 0 . 5 7 0 . 6 2 1 . 6 4 1 . 0 3
1 9 9 1 4 . 5 2 0 . 9 0 1 . 2 1 1 . 0 2 1 . 0 7 1 . 1 3
2 0 1 1 4 . 6 8 0 . 9 6 1 . 6 3 1 . 4 7 2 . 3 5 1 . 5 3
2 0 3 1 4 . 8 4 1 . 4 6 1 . 2 8 5 . 1 7 7 3 . 6 4 3 . 5 4
2 0 5 1 5 . 0 0 1 . 9 5 1 . 8 9 1 . 0 7 1 . 6 3 0 . 5 5
2 0 7 1 5 . 1 6 1 . 0 6 1 . 3 2 1 . 1 0 2 . 6 3 1 . 0 4
2 0 9 1 5 . 3 2 1 . 0 1 0 . 1 0 1 . 6 7 7 . 8 4 1 . 6 5
2 1 1 1 5 . 4 8 0 . 9 7 0 . 1 0 9 . 0 4 9 . 3 2
2 1 3 1 5 . 6 4 1 . 4 1 0 . 7 9 1 . 8 1 4 . 8 1 1 . 2 8
2 1 5 1 5 . 8 0 2 . 4 9 1 . 1 7 2 . 1 5 3 . 6 1 0 . 8 6
2 1 7 1 5 . 9 6 2 . 4 7 0 . 6 9 2 . 6 6 1 . 7 7 1 . 0 8
2 1 9 1 6 . 1 2 7 . 3 0 0 . 7 6 0 . 8 8 2 . 5 2 0 . 1 2
2 2 1 1 6 . 2 8 1 . 4 3 2 . 3 1 0 . 8 5 0 . 3 5 0 . 5 9
2 2 3 1 6 . 4 4 1 . 4 5 1 . 5 2 1 . 5 5 2 . 9 0 1 . 0 7
2 2 5 1 6 . 6 0 1 . 3 3 1 . 3 7 1 . 0 2 1 . 9 3 0 . 7 7
A R ITH M ETIC  M EA N 2 . 9 9 1 . 4 3 2 . 9 8 7 . 0 7 1 . 2 4
S T D  D E V 4 . 7 2 0 . 9 9 4 . 1 3 1 3 . 9 9 1 . 5 7
MIN 0 . 4 7 0 . 1 0 0 . 0 3 0 . 1 0 0 . 0 3
MAX 3 0 . 0 0 4 . 4 0 2 8 . 0 0 9 5 . 1 7 1 2 . 4 1
99 99 104 97 99
KARAKORAM 1988
•samples collected during July and August, 1988 from a  snowpit and a  fresh snowfall event
•All sam ples melted in field; not filtered
• ( ! - )  =  [Cl]  +  [ N 0 3 ]  +  [ S 0 4 ] ;  (X + )  =  [N a]  +  [N H 4 ]  +  [K] +  [M g] +  [C a ] ;  A C  =  ( 1 + )  - (X-)
s a m p
n o
d e p t h
t o p - m
p h y s
s t r a t d 1 8 0 a N 0 3
io n  c o n e  
S 0 4
p E q / k g
N a K Mg C a I- 1+ A C
N 0 3 :
S 0 4 Na:CI C a :M q
1. HISPAR PASS (36.0 N; 76.1 E) - 5150 m 2 JULY
1 0 . 0 0 s  d i r ty - 4 . 4 8 0 . 6 8 1 . 2 1 0 . 6 7 0 . 4 3 0 . 2 8 3 . 7 3 7 . 0 5 2 . 5 6 1 1 . 5 0 8 . 9 4 1 . 8 1 0 . 6 4 1 . 8 9
2 0 . 1 0 i c e  l e n s - 4 . 6 6 1 . 2 7 1 . 4 7 0 . 5 8 0 . 7 0 0 . 3 0 3 . 1 0 8 . 2 0 3 . 3 2 1 2 . 3 0 8 . 9 8 2 . 5 2 0 . 5 5 2 . 6 5
3 0 . 2 0 - 3 . 9 5 0 . 6 8 1 . 3 9 0 . 6 7 0 . 2 0 0 . 1 0 2 . 4 0 6 . 7 0 2 . 7 3 9 . 4 0 6 . 6 7 2 . 0 8 0 . 2 9 2 . 7 9
4 0 . 3 0 - 3 . 9 0 0 . 9 6 2 . 4 7 1 . 2 9 0 . 6 0 0 . 3 3 2 . 6 2 1 0 . 4 6 4 . 7 2 1 4 . 0 0 9 . 2 8 1 . 9 1 0 . 6 2 4 . 0 0
5 0 . 3 6 i c e  lay - 6 . 2 5 1 . 1 0 1 . 8 7 0 . 7 1 0 . 3 1 0 . 1 6 1 . 5 1 6 . 4 4 3 . 6 8 8 . 4 2 4 . 7 4 2 . 6 4 0 . 2 8 4 . 2 5
6 0 . 3 9 i c e  l e n s - 6 . 4 2 2 . 2 1 3 . 1 6 2 . 2 7 2 . 1 0 0 . 6 0 4 . 6 0 1 9 . 3 0 7 . 6 4 2 6 . 6 0 1 8 . 9 6 1 . 3 9 0 . 9 5 4 . 2 0
7 0 . 5 0 i c e  l e n s - 5 . 5 3 2 . 4 8 3 . 5 6 2 . 7 0 2 . 4 0 0 . 2 0 6 . 6 0 2 5 . 5 0 8 . 7 4 3 4 . 7 0 2 5 . 9 6 1 . 3 2 0 . 9 7 3 . 8 6
8 0 . 6 0 i c e  l e n s - 7 . 4 0 1 . 9 7 3 . 6 1 2 . 2 8 1 . 8 0 0 . 2 0 3 . 7 0 1 8 . 9 0 7 . 8 6 2 4 . 6 0 1 6 . 7 4 1 . 5 8 0 . 9 1 5 . 1 1
9 0 . 7 0 - 9 . 0 6 1 . 1 1 2 . 6 4 2 . 8 8 0 . 8 0 0 . 1 0 2 . 8 0 1 6 . 2 0 6 . 6 2 1 9 . 9 0 1 3 . 2 8 0 . 9 2 0 . 7 2 5 . 7 9
1 0 0 . 8 0 - 9 . 9 0 0 . 9 1 2 . 3 2 2 . 0 6 0 . 8 8 0 . 3 1 1 . 5 0 1 0 . 7 4 5 . 2 9 1 3 . 4 2 8 . 1 3 1 . 1 3 0 . 9 7 7 . 1 7
1 1 0 . 9 0 - 1 0 . 8 8 1 . 3 8 3 . 1 9 3 . 0 2 1 . 6 4 0 . 2 4 3 . 4 6 2 0 . 2 3 7 . 5 9 2 5 . 5 7 1 7 . 9 8 1 . 0 6 1 . 1 8 5 . 8 4
1 2 1 . 0 0 - 1 5 . 0 2 0 . 9 8 1 . 8 7 1 . 7 1 0 . 8 6 0 . 2 3 2 . 5 4 1 9 . 3 7 4 . 5 6 2 3 . 0 0 1 8 . 4 5 1 . 0 9 0 . 8 8 7 . 6 2
1 3 1 . 1 0 - 1 3 . 8 3 1 . 2 3 2 . 4 7 2 . 5 1 0 . 9 5 0 . 2 8 2 . 3 0 1 8 . 3 9 6 . 2 1 2 1 . 9 3 1 5 . 7 1 0 . 9 9 0 . 7 7 7 . 9 9
1 4 1 . 2 0 - 1 3 . 3 9 1 . 1 2 2 . 2 2 2 . 3 4 0 . 9 9 0 . 2 5 1 . 8 8 1 4 . 5 3 5 . 6 8 1 7 . 6 4 1 1 . 9 6 0 . 9 5 0 . 8 8 7 . 7 5
1 5 1 . 3 0 - 1 4 . 7 9 1 . 0 8 2 . 5 0 2 . 9 4 1 . 2 4 0 . 2 4 3 . 0 3 2 8 . 6 9 6 . 5 1 3 3 . 1 9 2 6 . 6 8 0 . 8 5 1 . 1 5 9 . 4 8
1 6 1 . 4 0 i c e  lay - 1 9 . 1 6 0 . 9 7 2 . 3 7 2 . 0 9 0 . 9 0 0 . 4 1 1 . 4 6 1 5 . 0 7 5 . 4 3 1 7 . 8 5 1 2 . 4 2 1 . 1 3 0 . 9 3 1 0 . 3 0
1 7 1 . 5 0 - 2 4 . 1 0 0 . 9 3 2 . 5 6 2 . 3 9 0 . 8 0 0 . 3 2 1 . 4 6 1 5 . 3 3 5 . 8 7 1 7 . 9 0 1 2 . 0 2 1 . 0 7 0 . 8 6 1 0 . 5 3
1 8 1 . 6 0 - 2 6 . 3 7 0 . 7 3 0 . 7 5 0 . 5 4 0 . 5 8 0 . 2 0 0 . 2 4 2 . 5 5 2 . 0 3 3 . 5 8 1 . 5 5 1 . 3 9 0 . 8 0 1 0 . 7 1
1 9 1 . 7 0 - 2 2 . 0 1 0 . 8 5 2 . 3 8 2 . 0 1 0 . 4 0 0 . 1 0 1 . 2 0 8 . 9 0 5 . 2 3 1 0 . 6 0 5 . 3 7 1 . 1 9 0 . 4 7 7 . 4 2
2 0 1 . 8 0 - 2 7 . 4 8 0 . 8 0 2 . 4 2 1 . 4 4 0 . 5 4 0 . 2 2 0 . 4 4 2 . 3 0 4 . 6 5 3 . 5 1 1 . 6 8 0 . 6 8 5 . 1 8
KARAKORAM 1988
•sam ples collected during July and August, 1988 from a  snowpit and a  fresh snowfall event
•All sam ples melted in field; not filtered
•(X-) =  [Cl] +  [ N 0 3 ]  +  [ S 0 4 ] ;  (1+) = [N a]  +  [N H 4 ]  +  [K] +  [M g] +  [C a ] ;  A C  =  (1+) - (I-)
s a m p  d e p t h  p h y s  i o n  c o n e  p E q / k g  N 0 3 :
n o t o p - m s t r a t d 1 8 0 a N 0 3 S 0 4 N a K M g C a X- x+ A C S 0 4 Na:CI C a :M q
2 1 1 . 9 0 - 2 1 . 5 4 0 . 6 9 1 . 5 6 1 . 0 8 0 . 4 2 0 . 1 9 0 . 5 8 4 . 8 8 3 . 3 3 6 . 0 8 2 . 7 5 1 . 4 4 0 . 6 1 8 . 3 6
2 2 2 . 0 0 - 2 0 . 6 8 0 . 3 1 0 . 8 6 1 . 0 4 0 . 1 0 0 . 1 0 0 . 3 0 0 . 8 0 2 . 2 1 1 . 3 0 0 . 8 3 0 . 3 2 2 . 6 7
2 3 2 . 1 0 - 2 1 . 2 4 0 . 4 5 1 . 5 7 1 . 1 2 0 . 2 4 0 . 0 6 0 . 4 4 2 . 5 6 3 . 1 5 3 . 3 1 0 . 1 6 1 . 4 0 0 . 5 3 5 . 7 8
2 4 2 . 2 0 s  d i r ty - 1 7 . 4 7 2 . 7 8 5 . 8 1 3 . 6 9 1 . 5 9 0 . 7 0 7 . 9 4 3 9 . 6 4 1 2 . 2 8 4 9 . 8 6 3 7 . 5 8 1 . 5 8 0 . 5 7 4 . 9 9
2 5 2 . 3 0 s  d i r ty - 1 3 . 7 9 5 . 2 3 6 . 4 2 5 . 1 0 5 . 0 0 2 . 7 0 5 . 6 0 6 6 . 9 0 1 6 . 7 6 8 0 . 2 0 6 3 . 4 4 1 . 2 6 0 . 9 6 1 1 . 9 5
2 6 2 . 4 0 - 2 1 . 3 7 1 . 5 8 3 . 2 8 1 . 9 1 1 . 0 7 0 . 5 6 0 . 8 9 7 . 5 3 6 . 7 7 1 0 . 0 5 3 . 2 8 1 . 7 2 0 . 6 7 8 . 4 8
2 7 2 . 5 0 - 2 1 . 5 9 0 . 9 8 3 . 8 2 2 . 4 4 0 . 4 4 0 . 3 2 1 . 1 3 1 0 . 0 0 7 . 2 4 1 1 . 9 1 4 . 6 7 1 . 5 6 0 . 4 5 8 . 8 2
2 8 2 . 6 0 - 2 2 . 0 7 0 . 4 4 1 . 5 6 1 . 6 9 0 . 4 7 0 . 1 8 0 . 5 3 5 . 8 4 3 . 6 9 7 . 0 2 3 . 3 3 0 . 9 2 1 . 0 7 1 1 . 0 9
2 9 . 3 0 2 . 6 7 i c e  lay - 1 9 . 7 5 4 . 1 3 8 . 8 8 7 . 1 9 1 . 1 4 0 . 8 2 1 . 1 8 3 7 . 7 5 2 0 . 1 9 4 0 . 8 9 2 0 . 7 0 1 . 2 4 0 . 2 8 3 2 . 1 0
3 1 2 . 7 5 ic e  l e n s - 2 3 . 0 5 1 . 2 0 5 . 1 5 4 . 6 9 0 . 6 0 0 . 3 6 1 . 3 2 2 5 . 0 7 1 1 . 0 4 2 7 . 3 5 1 6 . 3 2 1.10 0 . 5 0 1 8 . 9 3
3 2 2 . 8 0 - 1 8 . 1 0 1 . 2 2 5 . 7 6 1 . 5 4 0 . 5 8 0 . 4 8 0 . 4 8 2 . 4 6 8 . 5 2 4 . 0 0 3 . 7 5 0 . 4 8 5 . 1 6
3 3 2 . 9 0 - 1 6 . 9 4 1 . 1 4 1 0 . 5 5 1 . 7 3 0 . 2 2 0 . 3 4 0 . 5 3 2 . 5 0 1 3 . 4 3 3 . 5 7 6 . 0 9 0 . 1 9 4 . 7 4
3 4 3 . 0 0 - 1 6 . 4 9 0 . 6 3 3 . 5 9 1 . 8 5 0 . 2 7 0 . 2 9 0 . 5 2 3 . 0 0 6 . 0 7 4 . 0 8 1 . 9 3 0 . 4 2 5 . 8 0
3 5 3 . 1 0 - 2 0 . 6 9 0 . 6 5 8 . 1 6 1 . 1 0 0 . 2 3 0 . 1 9 0 . 3 5 4 . 1 1 9 . 9 1 4 . 8 9 7 . 3 9 0 . 3 6 1 1 . 6 3
3 6 3 . 2 0 - 1 9 . 9 8 2 . 3 5 2 4 . 3 9 5 . 2 9 1 . 0 1 0 . 6 7 4 . 1 6 3 3 . 5 7 3 2 . 0 3 3 9 . 4 1 7 . 3 8 4 . 6 1 0 . 4 3 8 . 0 7
3 7 3 . 3 0 - 1 8 . 5 8 1 . 1 5 8 . 1 1 4 . 3 7 0 . 3 0 0 . 2 0 5 . 8 0  2 9 . 2 0 1 3 . 6 3 3 5 . 5 0 2 1 . 8 7 1 . 8 5 0 . 2 6 5 . 0 3
3 8 . 3 9 3 . 3 9 i c e  lay 4 . 2 7 7 . 3 1 3 . 2 4 2 . 1 0 1 . 8 6 2 . 4 0  2 2 . 0 4 1 4 . 8 2 2 8 . 4 0 1 3 . 5 8 2 . 2 6 0 . 4 9 9 . 1 8
4 0 3 . 4 1 g r e y - 1 4 . 1 5 2 . 1 5 8 . 1 4 3 . 9 8 1 . 0 9 0 . 4 8 3 . 7 7  3 0 . 5 7 1 4 . 2 6 3 5 . 9 1 2 1 . 6 5 2 . 0 5 0 . 5 1 8.12
4 1 3 . 5 0 g r e y - 1 3 . 2 0 1 . 1 5 3 . 0 7 3 . 6 0 0 . 5 7 0 . 4 3 0 . 9 0 9 . 5 8 7 . 8 2 1 1 . 4 7 3 . 6 5 0 . 8 5 0 . 5 0 10.68
4 2 3 . 5 0 g r e y 0 . 7 5 3 . 0 2 3 . 7 5 0 . 3 1 0 . 2 9 0 . 8 4 9 . 0 9 7 . 5 2 1 0 . 5 4 3 . 0 2 0 . 8 0 0 . 4 2 1 0 . 8 4
4 3 3 . 6 0 g r e y - 1 2 . 8 6 0 . 7 4 1 . 8 4 2 . 4 0 0 . 3 7 0 . 2 6 0 . 5 0 3 . 9 4 4 . 9 7 5 . 0 7 0.10 0 . 7 7 0 . 5 0 7 . 8 6
KARAKORAM 1988
•sam ples collected during July and August, 1988 from a  snowpit and a  fresh snowfall event
•All sam ples melted in field; not filtered
• ( ! - )  =  [Cl]  +  [ N 0 3 ]  +  [ S 0 4 ] ;  ( 1 + )  =  [N a]  +  [N H 4 ]  +  [K] +  [M g] +  [C a ] ;  A C  =  (X + )  - (X -)
s a m p  d e p t h  p h y s  io n  c o n e  p E q / k g  N 0 3 :
n o t o p - m s t r a t d 1 8 0 a N 0 3 S 0 4 N a K Mg C a I- 1+ A C S 0 4 Na:CI C a :M q
4 4 3 . 7 0 g r e y - 1 2 . 5 8 1 . 8 7 4 . 2 6 2 . 9 0 0 . 9 9 0 . 5 5 1 . 0 6 6 . 7 2 9 . 0 2 9 . 3 2 0 . 3 0 1 . 4 7 0 . 5 3 6 . 3 3
4 5 3 . 8 0 i c e  l e n s - 1 5 . 2 5 1 . 2 5 5 . 1 6 2 . 9 6 0 . 6 2 0 . 2 7 1 . 8 5 1 8 . 5 5 9 . 3 6 2 1 . 2 9 1 1 . 9 3 1 . 7 4 0 . 5 0 1 0 . 0 2
4 6 3 . 8 3 - 1 5 . 1 8 0 . 7 6 2 . 8 7 1 . 4 6 0 . 3 9 0 . 1 2 0 . 7 5 7 . 6 7 5 . 0 9 8 . 9 4 3 . 8 4 1 . 9 7 0 . 5 1 1 0 . 2 6
4 7 3 . 9 0 - 1 4 . 0 7 1 . 0 5 2 . 4 8 1 . 5 0 0 . 6 4 0 . 1 7 1 . 2 4 7 . 7 4 5 . 0 3 9 . 8 0 4 . 7 7 1 . 6 6 0 . 6 1 6 . 2 3
4 8 4 . 0 0 - 1 3 . 9 0 1 . 1 6 2 . 7 3 3 . 3 3 0 . 8 6 0 . 2 5 1 . 6 9 1 2 . 2 9 7 . 2 2 1 5 . 0 8 7 . 8 7 0 . 8 2 0 . 7 4 7 . 2 9
4 9 4 . 1 0 - 1 5 . 6 3 0 . 9 1 1 . 6 0 2 . 4 2 0 . 5 2 0 . 2 7 1 . 0 8 8 . 9 2 4 . 9 2 1 0 . 7 9 5 . 8 7 0 . 6 6 0 . 5 7 8 . 2 8
5 0 4 . 2 0 - 1 3 . 3 5 0 . 3 7 1 . 1 3 0 . 8 1 0 . 1 7 0 . 4 0 3 . 4 3 2 . 3 1 4 . 0 0 1 . 6 9 1 . 3 9 0 . 4 5 8 . 5 2
5 1 4 . 3 0 - 1 4 . 4 2 0 . 8 8 1 . 2 6 1 . 6 9 0 . 7 7 0 . 3 5 1 . 2 3 1 1 . 5 9 3 . 8 2 1 3 . 9 4 1 0 . 1 1 0 . 7 5 0 . 8 7 9 . 4 0
5 2 4 . 4 0 - 1 8 . 2 9 0 . 7 4 0 . 8 1 0 . 7 3 0 . 4 7 0 . 2 2 0 . 4 9 3 . 9 9 2 . 2 7 5 . 1 7 2 . 9 0 1 . 1 1 0 . 6 4 8 . 0 9
5 3 4 . 5 0 - 1 7 . 0 1 0 . 5 7 0 . 7 9 0 . 6 2 0 . 2 7 0 . 1 6 0 . 2 2 1 . 3 7 1 . 9 8 2 . 0 1 0 . 0 3 1 . 2 6 0 . 4 7 6 . 1 6
5 4 4 . 6 0 - 1 3 . 9 6 0 . 8 2 1 . 3 1 1 . 7 9 0 . 5 0 0 . 2 0 1 . 4 0 7 . 5 0 3 . 9 2 9 . 6 0 5 . 6 8 0 . 7 3 0 . 6 1 5 . 3 6
5 5 4 . 7 0 ic e  l e n s - 7 . 3 0 1 . 0 5 5 . 1 9 7 . 4 6 0 . 5 9 0 . 4 3 3 . 1 2 2 4 . 4 8 1 3 . 7 0 2 8 . 6 2 1 4 . 9 3 0 . 7 0 0 . 5 7 7 . 8 5
5 6 4 . 8 0 g r e y - 2 . 9 1 1 . 5 8 6 . 6 3 8 . 1 4 1 . 3 1 0 . 7 4 6 . 5 1 4 8 . 1 2 1 6 . 3 6 5 6 . 6 9 4 0 . 3 3 0 . 8 1 0 . 8 3 7 . 3 9
5 7 4 . 9 0 - 2 . 1 3 3 . 0 6 5 . 7 9 2 . 0 6 2 . 5 7 0 . 3 3 5 . 9 7 2 6 . 8 7 1 0 . 9 1 3 5 . 7 3 2 4 . 8 3 2 . 8 1 0 . 8 4 4 . 5 0
5 8 . 5 9 5 . 0 0 i c e - d i r t y - 9 . 6 5 1 . 3 9 1 . 9 7 1 . 1 0 0 . 9 1 0 . 7 2 3 . 6 9 1 2 . 7 4 4 . 4 6 1 8 . 0 7 1 3 . 6 1 1 . 7 8 0 . 6 6 3 . 4 5
6 0 5 . 0 4 - 1 2 . 5 2 1 . 5 4 2 . 3 4 1 . 9 3 1 . 2 0 0 . 6 8 3 . 3 2 1 2 . 6 9 . 5 . 8 1 1 7 . 8 9 1 2 . 0 8 1 . 2 1 0 . 7 8 3 . 8 2
6 1 5 . 1 0 - 1 2 . 1 9 0 . 5 9 1 . 7 6 1 . 6 2 0 . 3 8 0 . 1 5 0 . 8 1 5 . 5 0 3 . 9 8 6 . 8 4 2 . 8 7 1 . 0 8 0 . 6 4 6 . 7 5
6 2 5 . 2 0 - 1 2 . 5 8 0 . 4 5 1 . 6 4 1 . 7 1 0 . 3 3 0 . 1 3 4 . 2 2 1 0 . 6 5 3 . 8 1 1 5 . 3 3 1 1 . 5 2 0 . 9 6 0 . 7 3 2 . 5 3
6 3 5 . 3 0 - 1 3 . 2 1 0 . 2 8 1 . 1 0 1 . 3 5 0 . 2 5 0 . 1 1 3 . 9 7 1 1 . 5 8 2 . 7 3 1 5 . 9 1 1 3 . 1 7 0 . 8 1 0 . 8 9 2 . 9 1
6 4 5 . 4 0 - 1 3 . 5 9 0 . 4 2 1 . 3 2 1 . 5 2 0 . 3 4 0 . 2 1 0 . 8 6 5 . 6 2 3 . 2 7 7 . 0 2 3 . 7 6 0 . 8 7 0 . 8 0 6 . 5 7
6 5 5 . 5 0 - 1 4 . 7 5 0 . 3 7 1 . 3 5 1 . 4 0 0 . 4 5 0 . 2 6 0 . 4 6 4 . 6 6 3 . 1 2 5 . 8 2 2 . 7 1 0 . 9 7 1 . 2 3 1 0 . 1 1
KARAKORAM 1988
•samples collected during July and August, 1988 from a  snowpit and a  fresh snowfall event
•All sam ples melted in field; not filtered
• ( ! - )  =  [Cl] +  [ N Q 3 ]  +  [ S 0 4 ] ;  ( 1 + )  =  [N a ]  +  [N H 4 ]  +  [K] ♦  [M g]  +  [C a ] ;  A C  =  ( 5 »  - ( I - )
s a m p  d e p t h  p h y s  io n  c o n e  p E q / k g  N 0 3 :
n o t o p - m s t r a t d 1 8 0 a N 0 3 S 0 4 N a K Mg C a I- 1+ A C S 0 4 N a C I C a :M q
6 6 5 . 6 0 - 1 4 . 7 1 0 . 5 1 1 . 1 4 0 . 9 8 0 . 2 7 0 . 1 0 0 . 3 4 3 . 7 9 2 . 6 3 4 . 4 9 1 . 8 6 1 . 1 7 0 . 5 2 1 1 . 2 3
6 7 5 . 7 0 - 1 6 . 4 2 0 . 4 5 0 . 7 7 1 . 0 8 0 . 4 8 0 . 1 7 1 . 3 1 7 . 2 8 2 . 3 1 9 . 2 4 6 . 9 3 0 . 7 1 1 . 0 6 5 . 5 7
6 8 5 . 8 0 - 1 6 . 5 6 0 . 6 8 1 . 2 4 1 . 1 7 0 . 3 0 0 . 2 0 1 . 7 0 8 . 5 0 3 . 0 9 1 0 . 7 0 7 . 6 1 1 . 0 6 0 . 4 4 5 . 0 0
6 9 5 . 9 0 - 1 6 . 4 6 0 . 4 5 1 . 4 4 1 . 6 5 0 . 3 7 0 . 1 6 0 . 8 8 6 . 8 5 3 . 5 3 8 . 2 6 4 . 7 2 0 . 8 7 0 . 8 3 7 . 7 8
7 0 5 . 9 9 i c e  l a y - 1 5 . 4 7 1 . 2 5 3 . 3 9 3 . 2 3 0 . 7 0 0 . 4 2 1 . 2 2 1 6 . 5 1 7 . 8 6 1 8 . 8 5 1 0 . 9 9 1 . 0 5 0 . 5 6 1 3 . 5 6
7 1 6 . 0 5 i c e  p i p e s - 1 3 . 4 2 0 . 2 8 0 . 6 3 0 . 8 7 0 . 3 2 0 . 1 3 0 . 3 2 2 . 8 7 1 . 7 9 3 . 6 5 1 . 8 6 0 . 7 2 1 . 1 4 8 . 9 6
7 2 6 . 1 1 i c e  lay - 1 4 . 3 0 0 . 7 6 1 . 8 2 2 . 2 5 0 . 6 9 0 . 4 3 1 . 1 7 9 . 7 4 4 . 8 4 1 2 . 0 3 7 . 1 9 0 . 8 1 0 . 9 1 8 . 3 6
7 3 6 . 1 6 - 1 3 . 8 2 0 . 4 8 0 . 7 9 0 . 7 9 0 . 1 9 0 . 0 5 3 . 8 4 7 . 9 0 2 . 0 6 1 1 . 9 8 9 . 9 2 1 . 0 0 0 . 4 0 2 . 0 6
7 4 6 . 2 0 i c e  l e n s - 1 5 . 2 2 0 . 6 2 1 . 3 4 1 . 8 1 0 . 2 3 0 . 1 0 1 . 8 1 5 . 6 9 3 . 7 7 7 . 8 4 4 . 0 6 0 . 7 4 0 . 3 7 3 . 1 4
7 5 6 . 3 0 - 1 4 . 0 2 1 . 1 6 2 . 1 4 2 . 0 8 0 . 5 9 0 . 3 1 1 . 6 7 7 . 6 3 5 . 3 9 1 0 . 2 1 4 . 8 2 1 . 0 3 0 . 5 1 4 . 5 8
7 6 6 . 4 3 i c e  lay - 1 6 . 4 9 1 . 9 8 1 . 5 0 1 . 1 5 1 . 1 9 1 . 1 7 1 . 3 2 8 . 1 1 4 . 6 3 1 1 . 7 9 7 . 1 6 1 . 3 1 0 . 6 0 6 . 1 6
7 7 6 . 4 7 - 1 3 . 5 6 0 . 5 9 0 . 6 1 0 . 4 8 0 . 2 2 0 . 1 7 0 . 3 4 1 . 6 0 1 . 6 9 2 . 3 4 0 . 6 5 1 . 2 8 0 . 3 7 4 . 6 5
7 8 6 . 6 0 - 1 3 . 3 5 0 . 3 7 0 . 9 0 0 . 5 0 0 . 1 5 0 . 1 0 0 . 3 9 1 . 0 0 1 . 7 7 1 . 6 4 0 . 0 0 1 . 8 1 0 . 4 2 2 . 5 7
7 9 6 . 7 0 - 1 2 . 9 9 0 . 5 1 0 . 6 9 0 . 2 7 0 . 0 7 0 . 0 2 0 . 3 8 1 . 5 0 1 . 4 7 1 . 9 7 0 . 5 0 2 . 5 6 0 . 1 5 3 . 9 5
8 0 6 . 8 0 - 1 4 . 3 7 0 . 5 4 0 . 7 1 0 . 1 5 0 . 0 4 0 . 0 3 0 . 2 8 0 . 9 0 1 . 3 9 1 . 2 4 4 . 8 7 0 . 0 7 3 . 1 9
8 1 6 . 9 0 - 1 4 . 2 5 0 . 2 5 0 . 3 2 0 . 2 9 0 . 1 7 0 . 0 5 0 . 1 5 0 . 8 1 0 . 8 7 1 . 1 8 0 . 3 1 1 . 1 1 0 . 6 6 5 . 3 5
8 2 7 . 0 0 - 1 2 . 9 7 0 . 4 0 0 . 5 3 0 . 3 1 0 . 1 8 0 . 0 2 0 . 2 2 1 . 2 9 1 . 2 4 1 . 7 1 0 . 4 7 1 . 7 0 0 . 4 5 5 . 8 8
8 3 7 . 1 0 - 1 3 . 3 5 2 . 2 4 0 . 8 4 0 . 6 7 2 . 3 2 1 . 0 3 0 . 3 4 2 . 8 2 3 . 7 4 6 . 5 2 2 . 7 8 1 . 2 6 1 . 0 4 8 . 2 0
8 4 7 . 2 0 - 1 3 . 3 5 0 . 1 4 0 . 3 9 0 . 1 7 0 . 1 1 0 . 0 3 0 . 0 7 0 . 6 4 0 . 7 0 0 . 8 6 0 . 1 6 2 . 3 2 0 . 7 7 8 . 8 0
8 5 7 . 3 0 - 1 3 . 2 1 0 . 3 7 0 . 4 2 0 . 1 0 0 . 2 3 0 . 0 2 0 . 1 6 1 . 3 5 0 . 8 9 1 . 7 6 0 . 8 7 4 . 0 3 0 . 6 2 8 . 4 4
8 6 7 . 4 4 i c e  lay - 1 5 . 1 6 0 . 7 9 1 . 0 3 0 . 2 9 0 . 4 5 0 . 1 7 0 . 4 9 1 . 6 6 2 . 1 2 2 . 7 7 0 . 6 6 3 . 5 4 0 . 5 7 3 . 3 5
KARAKORAM 1988
• s a m p l e s  c o l l e c t e d  d u r i n g  J u l y  a n d  A u g u s t ,  1 9 8 8  f r o m  a  s n o w p i t  a n d  a  f r e s h  s n o w f a l l  e v e n t  
•All s a m p l e s  m e l t e d  in  f ie ld ;  n o t  f i l t e r e d
• ( ! - )  =  [Cl] +  [ N 0 3 ]  +  [ S 0 4 ] ;  ( 1 + )  =  [ N a ]  +  [N H 4 ]  +  [K] +  [M g] +  [ C a ] ;  A C  =  ( 1 + )  - (X-)
s a m p
n o
d e p t h
t o p - m
p h y s
s t r a t d 1 8 0 a N 0 3
io n  c o n e  
S 0 4
p E q / k g
N a K Mg C a X- x+ A C
N 0 3 :
S 0 4 Na:CI C a :M q
8 7 7 . 4 7 - 1 4 . 3 7 0 . 3 1 0 . 8 7 0 . 5 2 0 . 2 0 0 . 0 6 0 . 6 5 2 . 9 3 1 . 7 0 3 . 8 4 2 . 1 4 1 . 6 7 0 . 6 5 4 . 4 9
8 8 7 . 6 0 s  d i r ty - 1 2 . 5 5 5 . 2 6 2 . 0 6 2 . 9 6 5 . 7 7 3 . 3 3 8 . 1 8 1 9 . 7 1 1 0 . 2 9  3 6 . 9 9  2 6 . 7 0 0 . 7 0 1 . 1 0 2 . 4 1
8 9 7 . 7 0 - 1 0 . 3 0 0 . 5 7 1 . 9 7 0 . 4 4 0 . 4 5 0 . 0 8 0 . 8 0 2 . 6 9 2 . 9 7 4 . 0 1 1 . 0 4 4 . 5 0 0 . 7 9 3 . 3 7
9 0 7 . 8 0 - 9 . 8 8
9 1 7 . 9 0 - 1 0 . 5 1
9 2 8 . 0 0 i c e - d i r t y - 1 0 . 6 4
A RITHM ETIC MEAN - 1 4 . 2 3 1 . 1 6 2 . 9 1 2 . 0 1 0 . 7 8 0 . 3 7 1 . 9 0 1 1 . 6 6 6 . 0 7 1 4 . 7 0 9 . 6 9 1 . 6 5 0 . 6 5 7 . 0 7
S T D  D E V 5 . 1 1 1 . 0 0 3 . 2 0 1 . 5 8 0 . 9 0 0 . 5 0 1 . 8 7 1 1 . 6 3 4 . 9 7 1 3 . 9 8 1 0 . 5 7 1 . 2 0 0 . 2 5 4 . 0 8
M M - 2 7 . 4 8 0 . 1 4 0 . 3 2 0 . 1 0 0 . 0 4 0 . 0 2 0 . 0 7 0 . 6 4 0 . 7 0 0 . 8 6 0 . 0 0 0 . 6 6 0 . 0 7 1 . 8 9
MAX - 2 . 1 3 5 . 2 6 2 4 . 3 9 8 . 1 4 5 . 7 7 3 . 3 3 8 . 1 8  6 6 . 9 0 3 2 . 0 3  8 0 . 2 0  6 3 . 4 4 7 . 3 9 1 . 2 3 3 2 . 1 0
n 8 7 8 6 8 6 8 6 8 6 8 5 8 6 8 6 8 6 8 6 7 9 8 6 8 6 8 6
KARAKORAM 1988
• s a m p l e s  c o l l e c t e d  d u r i n g  J u l y  a n d  A u g u s t ,  1 9 8 8  f r o m  a  s n o w p i t  a n d  a  f r e s h  s n o w f a l l  e v e n t  
•All s a m p l e s  m e l t e d  in f ie ld ;  n o t  f i l t e r e d
• ( ! - )  =  [Cl]  +  [ N 0 3 ]  +  [ S 0 4 ] ;  ( 1 + )  =  [N a]  +  [N H 4 ]  +  [K] +  [M g] +  [C a ] ;  A C  =  ( 1 + )  - (X-)
s a m p d e p t h p h y s io n  c o n e  p E q / k g N 0 3 :
n o t o p - m s t r a t d 1 8 0 a N 0 3 S 0 4 N a K Mg C a X- X+ AC S 0 4 Na:CI C a :M g
"FRIENDSHIP GLACIER NO.1" (75.4 N; 36.8 E) KHUNJERAB PASS; FRESH SNOW -1 AUGUST
e l e v - m
9 5 5 1 8 0 f r s h - @ c m p 0 . 8 5 2 . 4 7 5 . 1 7 0 . 7 6 0 . 1 9 1 . 9 6  1 4 . 0 9 8 . 4 8 1 7 . 0 0 8 . 5 2 0 . 4 8 0 . 8 9 7 . 1 7
9 6 5 2 4 0 f r s h - @ c m p 0.88 2 . 2 4 4 . 8 3 0 . 8 3 0 . 1 7 2 . 1 2  1 4 . 7 2 7 . 9 5 1 7 . 8 4 9 . 8 9 0 . 4 6 0 . 9 5 6 . 9 6
9 7 5 2 7 5 f r e s h 0 . 7 6 2 . 5 8 6.02 0 . 5 9 0 . 1 8 1 . 5 6  1 3 . 0 5 9 . 3 6 1 5 . 3 8 6.01 0 . 4 3 0 . 7 8 8 . 3 8
9 8 5 3 0 0 f r e s h - 7 . 0 8 0 . 4 8 2 . 5 2 6 . 0 6 0 . 5 4 0 . 5 1 1 . 4 1  1 0 . 3 0 9 . 0 6 1 2 . 7 6 3 . 7 1 0 . 4 2 1 . 1 3 7 . 3 0
9 9 5 3 5 0 f r e s h 0 . 7 9 2 . 6 3 6 . 4 6 0 . 5 7 0 . 2 5 1 . 4 8  1 2 . 7 6 9 . 8 8 1 5 . 0 6 5 . 1 8 0 . 4 1 0 . 7 2 8 . 6 3
100 5 4 3 0 f r e s h - 6 . 7 6 1 . 4 7 3 . 6 9 9 . 7 5 1.20 0 . 3 9 2 . 2 0  2 0 . 2 6 1 4 . 9 1 2 4 . 0 5 9 . 1 4 0 . 3 8 0 . 8 2 9 . 2 0
101 5 4 3 0 f r e s h 1 . 6 4 4 . 2 9 1 1 . 1 9 1 . 4 3 0 . 7 2 2 . 0 0  1 8 . 0 0 1 7 . 1 2 2 2 . 1 6 5 . 0 4 0 . 3 8 0 . 8 7 8 . 9 8
1 0 2 5 1 8 0 f r s h - @ c m p - 8 . 5 6 0 . 8 5 5 . 3 5 1 0 . 6 0 0 . 5 8 0 . 3 2 2 . 2 5  2 2 . 5 2 1 6 . 8 0 2 5 . 6 6 8.86 0 . 5 0 0.68 10.02
1 0 3 5 0 4 5 f r e s h - 8 . 3 7 1 . 0 8 5 . 0 5 8 . 7 3 0.88 0 . 4 2 2 . 2 8  1 9 . 6 6 1 4 . 8 5 2 3 . 2 4 8 . 3 9 0 . 5 8 0 . 8 1 8 . 6 1
1 0 4 5 0 0 0 f r e s h - 8 . 3 7 0 . 9 0 5 . 7 5 8.00 0.66 0 . 3 6 1 . 6 0  1 7 . 4 3 1 4 . 6 5 2 0 . 0 5 5 . 4 0 0 . 7 2 0 . 7 3 1 0 . 9 1
1 0 5 4 8 8 0 f r e s h - 8 . 0 4 1.86 4 . 8 9 1 0 . 7 2 1 . 2 7 0 . 6 4 2 . 5 0  1 9 . 9 2 1 7 . 4 7 2 4 . 3 3 6.86 0 . 4 6 0.68 7 . 9 7
ARITHM ETIC MEAN - 7 . 8 6 1 . 0 5 3 . 7 7 7 . 9 6 0 . 8 5 0 . 3 8 1 . 9 4  1 6 . 6 1 1 2 . 7 8 1 9 . 7 8 7 . 0 0 0 . 4 7 0 . 8 2 8 . 5 6
S T D  D E V 0 . 7 6 0 . 4 2 1 . 3 4 2 . 3 7 0 . 3 2 0 . 1 9 0 . 3 7  3 . 8 5 3 . 8 1 4 . 4 0 2 . 0 5 0.10 0 . 1 3 1.21
M N - 8 . 5 6 0 . 4 8 2 . 2 4 4 . 8 3 0 . 5 4 0 . 1 7 1 . 4 1  1 0 . 3 0 7 . 9 5 1 2 . 7 6 3 . 7 1 0 . 3 8 0.68 6 . 9 6
MAX - 6 . 7 6 1.86 5 . 7 5 1 1 . 1 9 1 . 4 3 0 . 7 2 2 . 5 0  2 2 . 5 2 1 7 . 4 7  2 5 . 6 6 9 . 8 9 0 . 7 2 1 . 1 3 1 0 . 9 1
n  6  1 1 1 1 1 1  1 1  1 1  1 1  1 1  1 1  1 1  1 1  1 1  1 1  1 1
"FLAT TOPPED" GLACIER (28.3 N; 85.2 E), XIXABANGMA PEAK, HIMALAYA
• s a m p l e s  c o l l e c t e d  f r o m  s n o w p i t s ,  i c e  c o r e s  a n d  f r e s h  s n o w  in S e p t  a n d  O c t ,  1 9 9 1  f r o m  " F l a t - T o p p e d "  g l a c i e r  o n  N s i d e  o f  m o u n t a i n  
• S n o w  a n d  I c e  s a m p l e s  t r a n s p o r t e d  f r o z e n  in 1 2 5  ml c u p s .  S A M P L E S  N O T  F IL T E R E D .
• N o  K c o n t a m i n a t i o n  w i th  c o r e  s a m p l e s ;  S o m e  s a m p l e s  m e l t e d  - N H 4  v a l u e s  q u e s t i o n a b l e
• ( ! - )  = [Cl]  +  [ N 0 3 ] +  [ S 0 4 ] ; (1+) = [N a] +  [N H 4] +  [K] + [Mg]* [C a] ; A C  =  ( S + ) - ( ! - )
S a m p p h y s i c a l d e p t h a N Q 3 S Q 4 N a N H 4 K M g C a I- Z+ A C N 0 3 : Na:CI C a :M g
s t r a t . t o p - m ( i o n c  c o n e  in  p E q / k g ) S 0 4
PIT 3-2 6140m/25 Sept
1 9 0 5 f r e s h 0 . 0 0 0 . 6 3 0 . 2 8 0 . 3 1 0 . 3 2 1 . 6 3 0 . 5 1 0 . 0 8 0 . 6 9 1 . 2 2 1 . 6 1 0 . 3 9 0 . 8 9 0 . 5 2 8 . 8 3
1 9 0 6 f r e s h 0 . 0 5 0 . 9 1 1 . 3 5 1 . 4 0 0 . 5 2 2 . 7 2 0 . 5 1 0 . 4 8 3 . 4 4 3 . 6 6 4 . 9 6 1 . 3 0 0 . 9 6 0 . 5 8 7 . 1 7
1 9 0 7 f r e s h 0 . 1 0 1 . 2 2 3 . 9 6 2 . 3 5 0 . 5 4 6 . 2 7 0 . 5 1 0 . 4 9 4 . 2 4 7 . 5 3 5 . 7 7 - 1 . 7 6 1 . 6 8 0 . 4 4 8 . 7 1
1 9 0 8 f r e s h 0 . 1 5 1 . 4 9 0 . 6 0 0 . 6 0 0 . 7 8 1 . 6 5 0 . 5 1 0 . 1 3 0 . 7 1 2 . 6 9 2 . 1 3 - 0 . 5 5 1 . 0 0 0 . 5 3 5 . 4 7
1 9 0 9 f r e s h 0 . 2 0 0 . 5 2 0 . 5 1 0 . 5 1 0 . 3 3 1 . 3 6 0 . 1 4 0 . 0 8 0 . 8 5 1 . 5 5 1 . 4 0 - 0 . 1 5 1 . 0 0 0 . 6 4 1 1 . 2 5
1 9 1 0 ' g r a n 0 . 2 5 0 . 4 7 0 . 2 0 0 . 0 7 0 . 5 1 1 . 2 6 6 . 9 4
1 9 1 1 g r a n 0 . 3 0 0 . 8 9 0 . 5 1 0 . 3 5 2 . 2 8 0 . 5 1 0 . 0 3 0 . 8 2 1 . 7 2 1 . 7 2 2 3 . 9 9
1 9 1 2 g r a n 0 . 3 5 0 . 8 0 0 . 5 5 0 . 3 6 0 . 2 8 1 . 1 0 0 . 5 1 0 . 0 2 0 . 4 2 1 . 7 2 1 . 2 3 - 0 . 4 9 1 . 5 2 0 . 3 5 1 7 . 1 0
1 9 1 3 g r a n 0 . 4 0 0 . 4 7 0 . 5 5 0 . 3 5 0 . 2 9 1 . 6 8 0 . 1 5 0 . 0 2 0 . 3 9 1 . 3 7 0 . 8 5 - 0 . 5 2 1 . 5 5 0 . 6 3 1 9 . 3 8
1 9 1 4 g r a n 0 . 4 5 0 . 3 3 0 . 9 2 0 . 3 9 0 . 2 3 3 . 0 2 0 . 1 1 0 . 0 4 0 . 3 8 1 . 6 4 0 . 7 5 - 0 . 8 9 2 . 3 4 0 . 7 2 1 0 . 4 4
1 9 1 5 g r a n 0 . 5 0 0 . 5 1 1 . 2 8 0 . 4 4 0 . 2 2 2 . 8 9 0 . 5 1 0 . 0 6 0 . 9 5 2 . 2 4 1 . 7 3 - 0 . 5 0 2 . 8 8 0 . 4 2 1 6 . 3 6
1 9 1 6 g r a n 0 . 5 5 1 . 6 4 0 . 7 8 0 . 3 8 0 . 2 6 3 . 0 9 0 . 5 1 0 . 0 7 0 . 9 5 2 . 8 0 1 . 8 0 - 1 . 0 0 2 . 0 5 0 . 1 6 1 3 . 2 5
1 9 1 7 g r a n 0 . 6 0 0 . 4 0 0 . 6 5 0 . 2 1 0 . 2 9 1 . 6 9 0 . 1 4 0 . 0 2 0 . 4 9 1 . 2 6 0 . 9 4 - 0 . 3 2 3 . 0 5 0 . 7 2 2 5 . 7 2
1 9 1 8 g r a n 0 . 6 5 0 . 6 2 0 . 7 0 0 . 2 5 0 . 4 0 1 . 8 5 0 . 3 4 0 . 0 9 0 . 8 0 1 . 5 8 1 . 6 4 0 . 0 6 2 . 8 1 0 . 6 4 8 . 8 5
1 9 1 9 g r a n 0 . 7 0 1 . 0 6 0 . 4 4 0 . 2 3 0 . 3 9 2 . 0 7 0 . 5 1 0 . 2 0 1 . 0 3 1 . 7 3 2 . 1 4 0 . 4 1 1 . 9 2 0 . 3 7 5 . 0 4
"FLAT TOPPED" GLACIER (28.3 N; 85.2 E), XIXABANGMA PEAK, HIMALAYA
• s a m p l e s  c o l l e c t e d  f r o m  s n o w p i t s ,  i c e  c o r e s  a n d  f r e s h  s n o w  in S e p t  a n d  O c t ,  1 9 9 1  f r o m  " F l a t - T o p p e d ” g l a c i e r  o n  N  s i d e  o f  m o u n t a i n  
• S n o w  a n d  Ic e  s a m p l e s  t r a n s p o r t e d  f r o z e n  in 1 2 5  m l c u p s .  S A M P L E S  N O T  F IL T E R E D .
• N o  K c o n t a m i n a t i o n  w i th  c o r e  s a m p l e s ;  S o m e  s a m p l e s  m e l t e d  - N H 4  v a l u e s  q u e s t i o n a b l e
• ( ! - >  = [Cl] +  [ N 0 3 ] +  [ S 0 4 ] ; ( 1 + ) =  [N a] +  [N H 4 ] +  [K] ♦ [Mg] f [C a ] ; A C  =  ( 1 + ) - (S-)
S a m p p h y s i c a l d e p t h a N 0 3 S 0 4 N a N H 4 K M g C a I- 1 + A C N 0 3 : Na:C I C a :M g
s t r a t . t o p - m ( i o n c  c o n e  in  p E q / k g ) S 0 4
ICE CORE 6140m/20-21 Sept
1 " c l e a n ” i c e 0 . 7 5 0 . 2 1 0 . 1 8 0 . 1 8 0 . 1 7 0 . 5 6 0 . 1 5 0 . 2 0 0 . 4 4 0 . 5 7 0 . 9 6 0 . 3 9 1 . 0 3 0 . 8 1 2 . 2 1
2 " c l e a n ” i c e 0 . 8 0 0 . 3 0 0 . 2 8 0 . 3 5 0 . 2 9 0 . 9 0 0 . 2 2 0 . 1 2 0 . 8 5 0 . 9 3 1 . 4 8 0 . 5 4 0 . 8 0 0 . 9 7 7 . 1 2
3 " c l e a n "  i c e 0 . 8 5 0 . 6 2 0 . 6 0 0 . 3 9 0 . 6 6 1 . 9 7 0 . 3 5 0 . 1 5 1 . 0 3 1 . 6 0 2 . 1 8 0 . 5 8 1 . 5 4 1 . 0 7 7 . 0 8
4 " c l e a n "  i c e 0 . 9 0 0 . 6 6 0 . 5 1 0 . 6 3 0 . 6 3 1 . 7 9 0 . 5 5 0 . 4 2 2 . 3 4 1 . 8 0 3 . 9 4 2 . 1 4 0 . 8 2 0 . 9 6 5 . 6 3
5 " c l e a n ” i c e 0 . 9 5 0 . 3 3 0 . 4 2 0 . 4 5 0 . 4 1 1 . 4 5 0 . 9 8 0 . 9 1 2 . 2 6 1 . 2 0 4 . 5 6 3 . 3 6 0 . 9 4 1 . 2 5 2 . 4 9
6 " c l e a n "  i c e 1 . 0 0 0 . 5 4 0 . 3 1 0 . 3 5 0 . 5 5 1 . 2 8 0 . 8 2 0 . 3 9 1 . 4 6 1 . 2 0 3 . 2 3 2 . 0 2 0 . 8 8 1 . 0 3 3 . 7 1
7 " c l e a n "  i c e 1 . 0 5 0 . 6 4 0 . 4 1 1 . 1 7 0 . 7 4 1 . 1 9 0 . 6 9 0 . 3 8 2 . 5 7 2 . 2 3 4 . 3 8 2 . 1 5 0 . 3 5 1 . 1 4 6 . 8 0
8 " c l e a n "  i c e 1 . 1 0 0 . 2 7 0 . 4 6 0 . 7 9 0 . 3 9 1 . 5 6 0 . 4 3 0 . 2 3 1 . 5 0 1 . 5 2 2 . 5 6 1 . 0 4 0 . 5 8 1 . 4 6 6 . 5 9
9 “c l e a n "  i c e 1 . 1 5
1 0 " c l e a n "  i c e 1 . 2 0 0 . 6 3 1 . 2 1 0 . 4 4 0 . 5 1 4 . 1 7 0 . 3 8 0 . 2 1 1 . 7 3 2 . 2 8 2 . 8 3 0 . 5 5 2 . 7 6 0 . 8 2 8 . 2 7
1 1 m i n o r  d i r t 1 . 2 5 0 . 3 4 0 . 2 5 0 . 1 6 0 . 2 3 1 . 3 6 0 . 3 0 0 . 3 0 1 . 3 4 0 . 7 5 2 . 1 8 1 . 4 2 1 . 6 1 0 . 6 8 4 . 4 3
1 2 m a j o r  d i r t 1 . 3 0 0 . 2 1 0 . 2 1 0 . 1 5 0 . 1 8 0 . 9 7 0 . 2 1 0 . 2 0 1 . 4 1 0 . 5 7 1 . 9 9 1 . 4 2 1 . 3 7 0 . 8 3 7 . 1 7
1 3 m i n o r  d i r t 1 . 3 5 0 . 3 4 0 . 3 5 0 . 2 1 0 . 2 6 1 . 5 5 0 . 3 6 0 . 2 2 1 . 8 3 0 . 9 1 2 . 6 6 1 . 7 6 1 . 6 8 0 . 7 5 8 . 4 7
1 4 m a j o r  d i r t 1 . 4 0 0 . 4 7 0 . 3 5 0 . 7 8 0 . 2 9 1 . 6 8 0 . 6 7 1 . 3 1 5 . 6 4 1 . 6 0 7 . 9 1 6 . 3 1 0 . 4 4 0 . 6 2 4 . 3 1
1 5 m a j o r  d i r t 1 . 4 5 0 . 6 3 0 . 6 4 1 . 6 4 0 . 4 5 2 . 1 5 0 . 8 9 2 . 0 1 6 . 8 4 2 . 9 1 1 0 . 1 9 7 . 2 8 0 . 3 9 0 . 7 1 3 . 4 1
1 6 m a j o r  d i r t 1 . 5 0 0 . 5 0 0 . 5 5 0 . 7 6 0 . 4 5 2 . 0 0 0 . 6 5 1 . 0 0 3 . 7 9 1 . 8 0 5 . 8 9 4 . 0 9 0 . 7 2 0 . 8 9 3 . 7 8
A RITHMETIC M EA N 0 . 6 2 0 . 7 0 0 . 5 8 0 . 4 0 2 . 0 0 0 . 4 5 0 . 3 3 1 . 7 2 1 . 8 9 2 . 9 0 1 . 1 1 1 . 4 2 0 . 7 4 9 . 0 0
S T D  D E V 0 . 3 6 0 . 7 0 0 . 5 0 0 . 1 6 1 . 1 2 0 . 2 3 0 . 4 4 1 . 6 0 1 . 3 2 2 . 2 2 2 . 0 8 0 . 7 8 0 . 2 9 6 . 0 0
M N 0 . 2 1 0 . 1 8 0 . 1 5 0 . 1 7 0 . 5 6 0 . 1 1 0 . 0 2 0 . 3 8 0 . 5 7 0 . 7 5 - 1 . 7 6 0 . 3 5 0 . 1 6 2 . 2 1
MAX 1 . 6 4 3 . 9 6 2 . 3 5 0 . 7 8 6 . 2 7 0 . 9 8 2 . 0 1 6 . 8 4 7 . 5 3 1 0 . 1 9 7 . 2 8 3 . 0 5 1 . 4 6 2 5 . 7 2
n 2 8 2 9 2 9 3 0 2 9 3 0 3 0 3 0 2 8 3 0 2 8 2 9 2 8 3 0
QIANG YONG GLACIER (28.8N; 90.2E), HIMALAYA
•Site 5 Km east ot Karo La pass (-150km southwest of Lhasa); samples collected from 3 snowpit in October, 1991 
•SAMPLE NOT FILTERED; Samples melted slightly in transport; frozen upon arrival in Lhasa; NH4 values questionable 
•(!-) = [Cl] +[N03] +[ S04]; (1+) =[ Na] + [K] + [Mg] + [Ca]; ; AC=(I+) - (I-)
Sample descrip. depth a N03 S04 Na NH4 K Mg Ca I- 1+ AC N03: Na:CI Ca:Mg
top-m (cone in uEo/kg) S04
PIT 5 5400m/3 Oct
1762 gran 0.00 0.60 1.32 0.39 : 0.39 2.91 0.13 0.47 12.35 2.31 13.34 11.03 3.39 0.65 26.41
1764 gran 0.05 1.17 1.47 0.93 i 1.16 3.06 0.10 0.45 6.09 3.57 7.81 4.24 1.58 1.00 13.50
1765 dry/hard 0.10 1.99 2.27 1.72 1.48 4.32 0.26 0.80 8.79 5.98 11.32 5.34 1.32 0.74 11.05
1766 dry/hard 0.15 1.18 1.34 1.36 1.08 2.14 0.23 0.54 6.24 3.88 8.08 4.20 0.98 0.91 11.52
1767 dry/hard 0.20 0.64 0.64 0.73 0.52 1.36 0.13 0.27 2.67 2.01 3.60 1.59 0.87 0.82 9.83
1768 dry/hard 0.25 0.72 0.61 0.87 0.68 0.83 0.10 0.27 2.82 2.20 3.87 1.67 0.70 0.94 10.38
1769 dry/hard 0.30 0.43 0.18 0.22 0.64 0.54 0.26 0.07 0.42 0.83 1.39 0.56 0.83 1.49 5.65
1770 dry/hard 0.35 0.35 0.47 0.32 0.29 1.08 0.07 0.13 1.27 1.13 1.75 0.62 1.45 0.83 9.98
MEAN 0.88 1.04 0.82 0.78 2.03 0.16 0.38 5.08 2.74 6.40 3.66 1.39 0.92 12.29
STD DEV 0.54 0.68 0.52 0.42 1.32 0.08 0.24 4.07 1.68 4.44 3.48 0.87 0.25 6.12
PIT 6 5500m/3 Oct
1604 gran 0.00 1.40 0.90 0.60 1.20 0.30 0.00 7.60 2.90 9.10 6.20 1.50 0.86
1605 gran 0.10 0.63 0.79 0.41 0.63 2.26 0.11 0.24 3.50 1.84 4.49 2.65 1.94 1.00 14.31
1606 gran 0.20 0.68 0.51 0.48 0.41 1.20 0.32 0.16 1.33 1.67 2.22 0.56 1.06 0.61 8.48
1607 gran 0.30 0.47 0.68 0.50 0.42 1.91 0.13 0.18 1.33 1.64 2.06 0.42 1.37 0.90 7.21
1608 gran 0.40 0.35 0.36 0.31 0.37 1.09 0.20 0.21 1.00 1.02 1.78 0.76 1.15 1.06 4.82
MEAN 0.71 0.65 0.46 0.61 1.61 0.21 0.16 2.95 1.81 3.93 2.12 1.40 0.88 8.71
STD DEV 0.41 0.22 0.11 0.35 0.56 0.10 0.09 2.78 0.68 3.08 2.45 0.35 0.17 4.03
QIANG YONG GLACIER (28.8N; 90.2E), HIMALAYA
•Site 5 km east of Karo La pass (»150km southwest of Lhasa); samples collected from 3 snowpit in October, 1991 
•SAMPLE NOT FILTERED; Samples melted slightly in transport; frozen upon arrival in Lhasa; NH4 values questionable 
•(!-) = [Cl] +[N03] +[ S04]; (1+) =[ Na] + [K] + [Mg] + [Ca]; ; AC=(I+) - (I-)
Sample descrip. depth
top-m




NH4 K Mg Ca I- 1+ AC N03:
S04
N a d Ca:Mg
PIT 7 5800m/4 Oct
1772 fresh 0.00 0.58 1.77 0.88 0.38 4.30 0.13 0.45 10.02 3.23 10.98 7.75 2.02 0.66 22.21
1773 gran 0.10 0.70 0.61 0.68 0.63 1.50 0.06 0.39 2.46 1.99 3.54 1.55 0.88 0.90 6.33
1774 gran 0.20 0.81 1.11 0.75 0.55 3.08 0.30 0.30 1.97 2.68 3.12 0.45 1.49 0.68 6.46
1775 gran-hrd 0.30 0.38 0.68 0.44 0.26 2.87 0.06 0.13 0.89 1.51 1.34 -0.17 1.56 0.66 6.83
1776 gran-hrd 0.40 0.81 1.35 1.11 0.26 0.05 0.07 0.77 3.27 1.14 -2.13 1.21 0.32 11.68
1777 gran-hrd 0.50 0.40 0.10 0.20 0.69 1.84 0.06 0.14 1.37 0.70 2.25 1.55 0.50 1.72 9.85
1778 gran-hrd 0.60 0.65 0.70 0.45 0.26 2.09 0.25 0.10 0.99 1.80 1.60 -0.20 1.56 0.39 9.45
1779 gran-hrd 0.70 0.73 1.40 0.68 0.53 3.83 0.26 0.12 1.15 2.80 2.06 -0.74 2.07 0.73 9.64
1780 gran-hrd 0.80 0.31 0.24 0.19 0.24 1.31 0.26 0.04 0.20 0.74 0.73 -0.01 1.26 0.76 4.94
1781 gran-hrd 0.90 0.33 0.28 0.20 0.26 1.17 0.11 0.06 0.50 0.81 0.93 0.11 1.43 0.78 8.13
1782 gran-hrd 1.00 0.41 0.71 0.24 0.30 2.13 0.16 0.07 0.47 1.36 0.99 -0.36 3.02 0.75 6.85
1783 gran-soft 1.10 0.37 0.77 0.23 0.24 2.65 0.09 0.05 0.35 1.37 0.72 -0.64 3.41 0.64 6.74
1784 gran-soft 1.20 0.39 0.59 0.22 0.33 2.09 0.26 0.11 0.61 1.20 1.31 0.10 2.71 0.86 5.73
1785 gran-soft 1.30 0.25 0.47 0.21 0.26 1.34 0.05 0.09 0.43 0.93 0.83 -0.10 2.20 1.05 4.69
1786 gran-soft 1.40 0.49 0.79 0.24 0.43 2.23 0.18 0.22 0.98 1.52 1.80 0.28 3.26 0.88 4.45
1787 si dirty 1.50 0.50 0.61 0.25 0.64 2.06 0.31 1.66 15.12 1.35 17.72 16.36 2.46 1.27 9.12
1610 firn 1.60 0.76 0.55 0.43 1.03 2.22 0.39 0.43 5.87 1.74 7.72 5.98 1.29 1.36 13.71
MEAN 0.52 0.75 0.43 0.43 2.29 0.17 0.26 2.60 1.71 3.46 1.75 1.90 0.85 8.64
STD DEV 0.19 0.44 0.28 0.22 0.88 0.11 0.38 4.08 0.83 4.59 4.49 0.84 0.34 4.32
MN 0.25 0.10 0.19 0.24 1.17 0.05 0.04 0.20 0.70 0.72 -2.13 0.50 0.32 4.45
MAX 0.81 1.77 1.11 1.03 4.30 0.39 1.66 15.12 3.27 17.72 16.36 3.41 1.72 22.21
n 17 17 17 17 16 17 17 17 17 17 17 17 17 17
MT GELADAINDONG - SW GLACIER (33o23’N;91o09'E), TANGGULA SHAN
• s a m p l e s  c o l l e c t e d  f r o m  a  s n o w p i t  o n  2 3  J u l y ,  1 9 9 0
• S o m e  " f r o z e n "  s a m p l e s  e x p e r i e n c e d  m i n o r  m e l t i n g  d u r i n g  t r a n s p o r t  in  w h i r l p a c k  b a g s ;  N H 4  q u e s t i o n a b l e  
• S a m p l e s  w e r e  f i l t e r e d  t h r o u g h  D u r a p o r e ™  2  m i c r o n  f i l t e r s  j u s t  p r io r  t o  a n a l y s i s .
• ( ! - )  =  [Clj  +  [ N 0 3 J  +  [ S 0 4 ] ;  ( 1 + )  =  [N aJ  +  [N H 4 ]  ♦  [K] +  (M g]  +  [C a ] ;  A C  =  ( L + ) - ( I - )
s a m p  m e l t  s t r a t d e p t h O  N 0 3  S 0 4 1 |  N a  K M g C a I - 1 + A C  N 0 3 :  Na:C I  C a M g
n o .  f r o z t o p - m io n  c o n e  in  u E q / k q S 0 4
8 0 1 f r e s h 0 . 0 0 0 . 9 5 1 . 2 7 1 . 4 5 0 . 7 6 0 . 2 8
8 0 2 g r a n 0 . 0 5 0 . 6 7 0 . 7 0 1 . 0 3 0 . 5 4 0 . 1 2
8 0 3 g r a n 0 . 1 0 0 . 4 3 0 . 7 7 0 . 6 8 0 . 3 9 0 . 0 6
8 0 4 g r a n 0 . 1 5 0 . 5 2 1 . 0 3 0 . 6 5 0 . 3 8 0 . 0 6
8 0 5 i c y / w e t 0 . 2 0 1 . 0 4 2 . 0 0 1 . 0 6 0 . 8 9 0 . 1 4
8 0 6 s i  d i r ty 0 . 2 5 3 . 3 2 1 . 8 2 1 . 4 2 4 . 4 2 0 . 1 6
8 0 7 g r a n 0 . 3 0 0 . 9 6 3 . 1 9 1 . 8 2 1 . 1 7 0 . 1 5
8 0 8 g r a n 0 . 3 5 1 . 1 7 3 . 0 7 1 . 4 4 1 . 8 8 0 . 1 3
8 0 9 g r a n 0 . 4 0 1 . 2 1 3 . 5 1 1 . 4 0 1 . 2 8
8 1 0 g r a n 0 . 4 5 1 . 0 3 3 . 7 5 1 . 5 5 1 . 2 1 0 . 1 1
8 1 1 g r a n 0 . 5 0 1 . 2 1 2 . 7 5 1 . 1 2 1 . 1 8 0 . 2 2
8 1 2 g r a n 0 . 5 5 1 . 1 3 3 . 4 8 1 . 7 7 1 . 2 2 0 . 2 0
8 1 3 g r a n 0 . 6 0 1 . 2 1 4 . 2 7 2 . 1 6 1 . 0 8 0 . 1 4
8 1 4 g r a n 0 . 6 5 1 . 1 9 2 . 5 9 1 . 3 7 0 . 9 5 0 . 1 4
8 1 5 g r a n 0 . 7 0 0 . 8 1 1 . 4 0 0 . 9 1 0 . 6 2 0 . 0 7
8 1 6 g r a n 0 . 7 5 0 . 7 6 1 . 3 3 0 . 8 1 0 . 6 1 0 . 0 9
8 1 7 g r a n 0 . 8 0 0 . 7 5 1 . 7 4 0 . 6 3 0 . 6 3 0 . 0 6
8 1 8 g r a n 0 . 8 5 0 . 9 3 1 . 6 8 1 . 0 0 0 . 7 9 0 . 1 0
8 1 9 g r a n 0 . 9 0 0 . 7 3 1 . 5 9 1 . 3 4 0 . 6 1 0 . 1 0
8 2 0 g r a n 0 . 9 5 0 . 6 3 0 . 9 8 0 . 8 2 0 . 5 8 0 . 0 9
8 2 1 g r a n 1 . 0 0 0 . 6 6 0 . 7 8 0 . 6 8 0 . 6 8 0 . 1 3
1 . 9 5 3 . 9 9 3 . 6 8 6 . 9 8 3 . 3 0 0 . 8 7 0 . 8 0 2 . 0 4
3 . 6 0 4 . 4 6 2 . 3 9 8 . 7 1 6 . 3 2 0 . 6 8 0 . 8 1 1 . 2 4
0 . 8 1 2 . 1 2 1 . 8 9 3 . 3 8 1 . 4 9 1 . 1 3 0 . 8 9 2 . 6 3
0 . 7 2 1 . 7 0 2 . 2 1 2 . 8 5 0 . 6 5 1 . 5 8 0 . 7 2 2 . 3 8
4 . 0 1 8 . 8 3 4 . 1 0 1 3 . 8 7 9 . 7 7 1 . 8 8 0 . 8 6 2 . 2 0
7 . 0 8 2 2 . 3 0 6 . 5 7 3 3 . 9 6 2 7 . 4 0 1 . 2 8 1 . 3 3 3 . 1 5
4 . 6 9 3 7 . 7 2 5 . 9 7 4 3 . 7 3 3 7 . 7 6 1 . 7 5 1 . 2 1 8 . 0 5
2 . 8 8 1 5 . 0 1 5 . 6 7 1 9 . 9 0 1 4 . 2 3 2 . 1 3 1 . 6 1 5 . 2 1
6 . 1 3 1 . 2 8 2 . 5 1 1 . 0 6
1 . 1 8 6 . 8 1 6 . 3 3 9 . 3 2 2 . 9 9 2 . 4 2 1 . 1 8 5 . 7 5
0 . 8 5 4 . 9 1 5 . 0 8 7 . 1 5 2 . 0 7 2 . 4 5 0 . 9 7 5 . 7 9
0 . 7 3 4 . 0 2 6 . 3 8 6 . 1 7 1 . 9 6 1 . 0 8 5 . 5 0
0 . 9 9 6 . 4 9 7 . 6 4 8 . 7 0 1 . 0 6 1 . 9 8 0 . 9 0 6 . 5 7
1 . 2 1 5 . 1 8 5 . 1 5 7 . 4 8 2 . 3 4 1 . 8 9 0 . 8 0 4 . 2 9
0 . 5 8 3 . 2 3 3 . 1 2 4 . 5 1 1 . 3 9 1 . 5 3 0 . 7 7 5 . 5 3
0 . 8 8 3 . 2 3 2 . 9 1 4 . 8 2 1 . 9 1 1 . 6 4 0 . 8 0 3 . 6 7
0 . 9 2 2 . 6 2 3 . 1 2 4 . 2 3 1 . 1 1 2 . 7 5 0 . 8 4 2 . 8 6
0 . 9 7 2 . 7 8 3 . 6 0 4 . 6 4 1 . 0 4 1 . 6 9 0 . 8 5 2 . 8 6
0 . 7 8 2 . 2 7 3 . 6 7 3 . 7 5 0 . 0 9 1 . 1 9 0 . 8 3 2 . 9 2
0 . 5 0 2 . 2 1 2 . 4 4 3 . 3 8 0 . 9 5 1 . 1 9 0 . 9 1 4 . 4 1
0 . 4 7 2 . 7 1 2 . 1 1 3 . 9 9 1 . 8 9 1 . 1 5 1 . 0 3 5 . 7 4
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MT GELADAINDONG - SW GLACIER (33o23,N;91o09,E), TANGGULA SHAN
• s a m p l e s  c o l l e c t e d  f r o m  a  s n o w p i t  o n  2 3  J u l y ,  1 9 9 0
• S o m e  " f r o z e n "  s a m p l e s  e x p e r i e n c e d  m i n o r  m e l t i n g  d u r i n g  t r a n s p o r t  in w h i r l p a c k  b a g s ;  N H 4  q u e s t i o n a b l e  
• S a m p l e s  w e r e  f i l t e r e d  t h r o u g h  D u r a p o r e ™  2  m i c r o n  f i l t e r s  j u s t  p r io r  t o  a n a l y s i s .
• ( ! - ) =  [Cl] +  [ N 0 3 ]  + [ S 0 4 ] ; (1+) = [N a]  + [N H 4 ]  + [K] +  [Mg] +  [C a ] ;  A C  = (1+) - (I-)
s a m p
n o .
m e l t
f r o z
s t r a t d e p t h
t o p - m
a N Q 3 S 0 4  
io n  c o n e
N a  K 
in p E q / k g
M g C a I- 1+ A C N 0 3 ;
S 0 4
Na:CI C a :M g
8 2 2 F i c e  l e n s 1 . 0 5 0 . 8 2 0 . 9 5 0 . 8 9 0 . 2 0 1 . 0 4 3 . 9 0 1 . 7 7 6 . 0 2 4 . 2 5 1 . 0 9 3 . 7 5
8 2 3 F i c e  l e n s 1 . 1 0 1 . 0 6 1 . 4 5 0 . 9 6 0 . 8 9 0 . 1 7 0 . 6 4 3 . 2 1 3 . 4 7 4 . 9 1 1 . 4 4 1 . 5 0 0 . 8 4 5 . 0 1
8 2 4 F i c e  l e n s 1 . 1 5 0 . 8 5 1 . 6 1 1 . 3 3 0 . 8 3 0 . 2 0 0 . 7 9 4 . 3 6 3 . 7 9 6 . 1 7 2 . 3 8 1 . 2 1 0 . 9 7 5 . 4 8
8 2 5 F g r a n 1 . 2 0 0 . 6 2 1 . 3 9 0 . 9 6 0 . 6 6 0 . 1 6 0 . 5 6 4 . 2 2 2 . 9 7 5 . 6 1 2 . 6 3 1 . 4 6 1 . 0 7 7 . 4 8
8 2 6 F g r a n 1 . 2 5 1 . 6 9 2 . 5 9 1 . 7 1 2 . 1 8 0 . 2 2 3 . 3 3 1 1 . 7 1 5 . 9 9 1 7 . 4 4 1 1 . 4 5 1 . 5 2 1 . 2 8 3 . 5 1
8 2 7 F g r a n 1 . 3 0 1 . 9 1 1 . 4 4 2 . 5 9 3 . 1 1 0 . 3 3 7 . 4 1 4 0 . 1 3 5 . 9 4 5 0 . 9 9 4 5 . 0 6 0 . 5 6 1 . 6 3 5 . 4 1
8 2 8 F d i r t y - r e d 1 . 3 5 5 . 4 1 3 . 7 4 8 . 3 1 0 . 0 0 4 5 . 6 7 2 1 6 . 0 4 9 . 1 5 2 7 0 . 0 2 2 6 0 . 8 7 1 . 5 4 4 . 7 3
8 2 9 F g r a n 1 . 4 0 7 . 8 2 3 . 7 7 1 1 . 9 5 0 . 0 0 5 0 . 8 0 1 8 2 . 1 2 1 1 . 5 9 2 4 4 . 8 7 2 3 3 . 2 8 1 . 5 3 3 . 5 9
8 3 0 F g r a n 1 . 4 5 3 . 0 7 1 . 3 6 2 . 9 4 4 . 3 7 0 . 5 2 1 6 . 3 7 5 7 . 9 7 7 . 3 8 7 9 . 2 3 7 1 . 8 6 0 . 4 6 1 . 4 2 3 . 5 4
8 3 1 M g r a n 1 . 5 0 2 . 6 6 1 . 3 5 2 . 2 7 3 . 4 5 0 . 4 7 5 . 7 9 1 9 . 0 7 6 . 2 8 2 8 . 7 8 2 2 . 5 0 0 . 6 0 1 . 3 0 3 . 2 9
8 3 2 M g r a n 1 . 5 5 2 . 7 7 2 . 1 6 3 . 2 2 0 . 7 4 3 . 5 2 1 2 . 6 3 4 . 9 4 2 0 . 1 1 1 5 . 1 8 1 . 1 6 3 . 5 9
8 3 3 M g r a n 1 . 6 0 2 . 5 2 1 . 6 8 1 . 9 1 3 . 3 7 0 . 5 1 2 . 7 7 1 0 . 6 9 6 . 1 1 1 7 . 3 4 1 1 . 2 3 0 . 8 8 1 . 3 4 3 . 8 6
8 3 4 M g r a n 1 . 6 5 2 . 6 0 1 . 3 1 2 . 2 4 3 . 5 0 0 . 6 1 2 . 5 4 8 . 0 9 6 . 1 4 1 4 . 7 4 8 . 6 0 0 . 5 9 1 . 3 5 3 . 1 8
8 3 5 M g r a n 1 . 7 0 1 . 5 3 0 . 9 3 1 . 0 1 1 . 7 9 0 . 2 3 1 . 4 1 4 . 9 7 3 . 4 6 8 . 4 0 4 . 9 4 0 . 9 2 1 . 1 7 3 . 5 4
8 3 6 M g r a n 1 . 7 5 1 . 4 8 0 . 4 3 1 . 8 8 1 . 8 0 0 . 2 7 1 . 3 2 4 . 6 7 3 . 7 8 8 . 0 5 4 . 2 7 0 . 2 3 1 . 2 2 3 . 5 4
8 3 7 M g r a n 1 . 8 0 1 . 3 7 0 . 5 9 2 . 9 0 1 . 6 3 0 . 8 0 1 2 . 1 5 2 5 . 6 1 4 . 8 7 4 0 . 1 9 3 5 . 3 2 0 . 2 0 1 . 1 8 2 . 1 1
8 3 8 M d i r t y 1 . 8 5 1 . 6 1 0 . 9 0 1 . 4 4 2 . 1 5 0 . 2 9 2 . 6 4 9 . 8 2 3 . 9 5 1 4 . 9 0 1 0 . 9 5 0 . 6 2 1 . 3 3 3 . 7 2
8 3 9 M 1 . 9 0 1 . 4 6 0 . 8 7 1 . 2 7 2 . 1 1 0 . 2 2 2 . 0 0 8 . 3 1 3 . 6 1 1 2 . 6 4 9 . 0 3 0 . 6 9 1 . 4 5 4 . 1 5
8 4 0 M 1 . 9 5 1 . 6 6 1 . 4 4 2 . 3 2 0 . 3 6 1 . 5 4 7 . 4 9 3 . 1 0 1 1 . 7 2 8 . 6 3 1 . 4 0 4 . 8 5
MT GELADAINDONG - SW GLACIER (33o23'N;91o09'E), TANGGULA SHAN
• s a m p l e s  c o l l e c t e d  f r o m  a  s n o w p i t  o n  2 3  J u l y ,  1 9 9 0
• S o m e  " f r o z e n "  s a m p l e s  e x p e r i e n c e d  m i n o r  m e l t i n g  d u r i n g  t r a n s p o r t  in w h i r l p a c k  b a g s ;  N H 4  q u e s t i o n a b l e  
• S a m p l e s  w e r e  f i l t e r e d  t h r o u g h  D u r a p o r e ™  2  m i c r o n  f i l t e r s  j u s t  p r io r  t o  a n a l y s i s .
• ( ! - )  =  (Cl)  +  [ N 0 3 ]  +  [ S 0 4 ] ;  ( X »  =  [N a ]  +  [N H 4 ]  +  [K] +  [M g]  +  [C a ] ;  A C  =  ( 1 + )  - ( I - )
s a m p  m e l t  s t r a t d e p t h a  N 0 3  S 0 4  N a  K M g C a I - 1 + A C  N 0 3 :  N a;C I  C a :M g
n o .  f r o z t o p - m io n  c o n e  in u E q / k g S 0 4
MEAN 1 . 6 1 1 . 7 6 1 . 5 7 2 . 0 1 0 . 2 3 5 . 0 8 1 9 . 9 4 4 . 7 1 2 6 . 6 2 2 3 . 2 0 1 . 3 4 1 . 1 1 4 . 1 3
S T D  D E V 1 . 4 0 0 . 9 9 0 . 7 8 2 . 2 3 0 . 1 9 1 0 . 6 9 4 4 . 0 1 2 . 0 9 5 5 . 9 5 5 5 . 6 1 0 . 6 7 0 . 2 6 1 . 5 1
M N 0 . 4 3 0 . 4 3 0 . 6 3 0 . 3 8 0 . 0 0 0 . 4 7 1 . 7 0 1 . 7 7 1 . 2 8 0 . 0 9 0 . 2 0 0 . 7 2 1 . 2 4
MAX 7 . 8 4 . 3 3 . 8 1 1 . 9 0 . 8 5 0 . 8 2 1 6 . 0 1 1 . 6 2 7 0 . 0 2 6 0 . 9 2 . 7 1 . 6 8 . 0
n 4 0 3 5 4 0 4 0 3 9 3 9 3 9 4 0 4 0 3 8 4 0 3 9
MEIKUANG ("COALMINE") GLACIER (35.7 N; 94.2 E) EASTERN KUN LUN (XIOATAN)
• s u r f a c e  s n o w  s a m p l e s  c o l l e c t e d  9  A u g u s t  1 9 9 0
• S o m e  " f r o z e n "  s a m p l e s  e x p e r i e n c e d  m i n o r  m e l t i n g  d u r i n g  t r a n s p o r t  in w h i r l p a c k  b a g s ;  N H 4  q u e s t i o n a b l e  
• S a m p l e s  w e r e  f i l t e r e d  t h r o u g h  D u r a p o r e ™  2  m i c r o n  f i l t e r s  j u s t  p r io r  t o  a n a l y s i s .
• ( I - ) = C I + N 0 3 + S 0 4 ;  ( X + ) = N a + K + M g + C a ;  A C = (X + ) - (X - )
s a m p
n o .
d e p t h
t o p - m
n
a N 0 3
io n  c o n e  in p e q / k g  
S 0 4  N a N H 4 K Mg C a X- X+ A C
N 0 3 :
S 0 4 Na:CI C a :M g
PIT#3, 5520m
8 6 7 0 . 0 0 4 5 . 1 9 2 . 1 1 3 . 5 3 4 . 3 3 4 . 4 2 0 . 2 7 6 . 7 0 3 1 . 3 0 1 0 . 8 3 4 1 . 8 0 3 0 . 9 7 0 . 6 0 0 . 8 3 4 . 6 7
8 6 8 0 . 0 5 4 3 . 5 2 1 . 5 9 3 . 0 8 3 . 0 5 4 . 4 8 0 . 1 9 1 . 2 9 8 . 4 5 8 . 1 9 1 3 . 0 1 4 . 8 2 0 . 5 2 0 . 8 7 6 . 5 5
8 6 9 0 . 1 0 4 3 . 6 2 1 . 2 7 2 . 9 6 3 . 5 2 4 . 4 9 0 . 1 4 0 . 9 0 6 . 6 7 7 . 8 5 1 0 . 6 7 2 . 8 2 0 . 4 3 0 . 9 7 7 . 4 1
8 7 0 0 . 1 5 1 5 . 1 6 2 . 2 4 2 . 4 7 4 . 2 8 5 . 2 5 0 . 1 9 6 . 2 7 3 3 . 1 1 9 . 8 6 4 2 . 0 4 3 2 . 1 8 0 . 9 1 0 . 8 3 5 . 2 8
8 7 1 0 . 2 0 1 3 0 . 8 1 3 . 6 7 1 6 . 3 2 2 8 . 4 6 7 . 5 1 1 . 0 0 1 3 . 4 0 5 1 . 1 4 5 0 . 8 0 8 1 . 8 7 3 1 . 0 7 0 . 2 3 0 . 9 2 3 . 8 2
8 7 2 0 . 2 5 1 9 . 1 8 1 . 7 4 5 . 4 6 8 . 9 3 3 . 7 2 0 . 2 2 7 . 5 7 3 5 . 5 8 1 6 . 3 7 4 8 . 8 2 3 2 . 4 5 0 . 3 2 0 . 9 7 4 . 7 0
PIT#4, 5758 m
8 7 3 . 7 7 0 . 0 0 5 1 0 . 0 5 2 . 9 0 4 . 2 5 9 . 2 7 5 . 6 6 0 . 3 1 1 3 . 0 2 6 7 . 8 9 1 7 . 2 0 8 5 . 4 7 6 8 . 2 7 0 . 6 8 0 . 9 2 5 . 2 1
8 7 8 . 8 2 0 . 0 5 5 3 . 9 2 1 . 7 3 3 . 2 6 3 . 7 9 3 . 7 8 0 . 2 1 1 . 8 4 1 0 . 1 3 8 . 9 1 1 5 . 4 4 6 . 5 3 0 . 5 3 0 . 9 7 5 . 5 1
PIT#5, 5480m
8 8 3 0 . 0 0 1 4 . 0 4 1 . 5 2 1 . 7 1 3 . 3 6 5 . 1 7 0 . 2 1 6 . 8 6 3 8 . 2 2 7 . 2 7 4 7 . 0 0 3 9 . 7 3 0 . 8 9 0 . 8 3 5 . 5 7
8 8 4 0 . 0 5 1 9 . 7 3 3 . 3 5 4 . 7 6 8 . 6 3 5 . 5 2 0 . 2 9 5 . 4 2 2 3 . 8 6 1 7 . 8 3 3 4 . 3 2 1 6 . 4 9 0 . 7 0 0 . 8 9 4 . 4 0
8 8 5 0 . 1 0 1 2 8 . 9 7 3 . 0 0 1 3 . 7 3 2 5 . 2 0 7 . 2 9 0 . 6 3 1 3 . 1 9 4 5 . 7 3 4 5 . 6 9 7 3 . 2 8 2 7 . 5 8 0 . 2 2 0 . 8 7 3 . 4 7
8 8 6 0 . 1 5 1 7 . 1 9 1 . 9 6 5 . 8 0 7 . 0 7 4 . 4 0 0 . 2 4 2 . 6 5 1 4 . 3 5 1 4 . 9 5 2 3 . 0 4 8 . 0 8 0 . 3 4 0 . 9 8 5 . 4 1
MEAN 1 0 . 1 1 2 . 2 6 5 . 6 1 9 . 1 6 5 . 1 4 0 . 3 3 6 . 5 9 3 0 . 5 4 1 7 . 9 8 4 3 . 0 6 2 5 . 0 8 0 . 5 3 0 . 9 1 5 . 1 7
S T D  D E V 9 . 5 5 0 . 7 9 4 . 5 9 8 . 6 0 1 . 2 2 0 . 2 5 4 . 6 0 1 8 . 8 8 1 4 . 6 8 2 6 . 0 4 1 8 . 7 7 0 . 2 4 0 . 0 6 1 . 0 9
M M 3 . 5 2 1 . 2 7 1 . 7 1 3 . 0 5 3 . 7 2 0 . 1 4 0 . 9 0 6 . 6 7 7 . 2 7 1 0 . 6 7 2 . 8 2 0 . 2 2 0 . 8 3 3 . 4 7
MAX 3 0 . 8 1 3 . 6 7 1 6 . 3 2 2 8 . 4 6 7 . 5 1 1 . 0 0 1 3 . 4 0 6 7 . 8 9 5 0 . 8 0 8 5 . 4 7 6 8 . 2 7 0 . 9 1 0 . 9 8 7 . 4 1
n 2 9
WEST SIDE OF MUSTAGH ATA (38.2 N; 75.1 E), PAMIRS
•samples collected during October, 1992 from a snowpits 
•All samples melted in field; not filtered







cone in peq/kg 







soft, white snow 5.30 17.91 20.11 5.05 17.03 1.49 13.95 125.31 43.32 162.83 119.51 0.89 0.95 8.98
12 0.05 late autumn snowfall 0.75 10.78 3.76 0.32 12.29 0.13 1.35 7.91 15.28 22.01 6.72 2.87 0.43 5.85
13 0.10 0.41 5.05 4.04 0.23 11.72 0.14 0.98 8.32 9.50 21.40 11.90 1.25 0.57 8.50
14 0.15 0.60 6.70 4.54 0.42 15.70 0.21 0.95 6.59 11.84 23.86 12.01 1.48 0.69 6.96
1 5 0.20 4.64 4.54 3.45 3.92 11.94 2.04 1.16 7.81 12.63 26.88 14.25 1.31 0.85 6.76
16 0.25 0.44 2.19 1.61 0.33 7.31 0.07 0.69 4.31 4.24 12.71 8.48 1.36 0.75 6.27
17 0.30 0.68 3.45 3.36 0.77 11.84 0.18 1.36 8.52 7.48 22.68 15.19 1.03 1.14 6.26
18 0.35 7.48 9.29 13.46 8.64 14.50 0.93 14.69 110.21 30.23 148.98 118.75 0.69 1.16 7.50
19 0.40 hard 'grey' snow,icy 2.04 8.38 5.34 1.74 14.47 0.51 31.04 106.37 15.76 154.13 138.37 1.57 0.85 3.43
20 0.45 DIRTY,ICY LAYER 2.78 3.08 2.12 2.65 7.59 0.41 46.16 124.01 7.98 180.81 172.82 1.45 0.95 2.69
21 0.50 hard gran snow 13.33 2.38 14.34 12.57 8.03 0.96 24.34 132.12 30.05 178.02 147.97 0.17 0.94 5.43
22 0.55 w/ many ice layers 4.33 4.48 8.40 5.08 9.41 0.60 9.54 65.71 17.21 90.34 73.13 0.53 1.17 6.89
23 0.60 • 8.94 3.25 12.29 10.25 6.71 0.53 12.61 63.76 24.48 93.87 69.39 0.26 1.15 5.06
24 0.65 • 3.09 2.83 7.71 3.49 5.37 0.26 3.19 26.78 13.63 39.09 25.46 0.37 1.13 8.40
25 0.70 • 3.08 4.46 7.09 2.82 6.34 0.36 5.08 41.48 14.63 56.08 41.45 0.63 0.92 8.17
26 0.75 • 3.99 5.33 8.49 4.30 7.60 1.29 3.33 35.00 17.81 51.53 33.71 0.63 1.08 10.52
27 0.80 soft snow, hoar 1.18 6.44 5.09 1.01 7.70 0.22 3.19 23.03 12.71 35.15 22.44 1.26 0.85 7.21
28 0.85 • 1.90 6.76 10.27 1.82 11.40 0.23 2.98 21.00 18.93 37.45 18.52 0.66 0.96 7.04
29 0.90 • 3.10 5.54 9.90 3.05 10.07 0.31 4.66 31.64 18.54 49.73 31.19 0.56 0.99 6.79
30 0.95 • 15.42 7.31 24.55 16.78 11.99 1.34 20.86 187.70 47.29 238.68 191.40 0.30 1.09 9.00
31 1.00 DIRTY LAYER, hoar 20.18 7.50 28.76 23.68 11.08 1.61 24.15 205.77 56.44 266.29 209.85 0.26 1.17 8.52
32 1.05 hard gran snow 3.56 2.42 3.90 3.67 5.14 0.38 9.39 33.91 9.88 52.49 42.61 0.62 1.03 3.61
33 1.10 • 1.56 1.71 1.99 1.46 4.27 0.18 3.69 19.50 5.26 29.11 23.84 0.86 0.94 5.28
34 1.15 • 1.29 1.99 1.87 1.18 4.95 0.16 1.93 11.69 5.15 19.91 14.76 1.07 0.91 6.06
35 1.20 • 1.18 1.79 2.39 1.14 3.17 0.20 2.01 13.73 5.37 20.25 14.88 0.75 0.96 6.82
36 1.25 medium hard gr. snow 1.49 1.37 2.88 1.64 3.40 0.22 2.61 18.61 5.74 26.49 20.74 0.47 1.10 7.14
WEST SIDE OF MUSTAGH ATA (38.2 N; 75.1 E), PAMIRS
•samples collected during October, 1992 from a snowpits 
•All samples melted in field; not filtered







cone in peq/kg 




37 1.30 * 1.37 1.98 3.54 1.47 4.11 0.31 1.97 16.44 6.89 24.30 17.41 0.56 1.07 8.33
38 1.35 M 3.26 2.05 5.83 3.93 4.81 0.27 5.11 26.82 11.14 40.94 29.80 0.35 1.21 5.25
39 1.40 * 2.78 2.31 5.21 3.05 4.48 0.26 5.25 28.02 10.30 41.07 30.77 0.44 1.10 5.34
40 1.45 loose hoar 3 .72 3.29 6.61 4.11 6.34 0.48 11.54 52.66 13.62 75.13 61.51 0.50 1.11 4.56
mean 4.13 4.89 7.76 4.35 8.69 0.54 8.99 52.16 16.78 74.74 57.96 0.84 0.97 6.62
stdev 4.67 3.51 6.72 5.27 3.92 0.52 10.74 55.42 12.91 70.51 60.08 0.56 0.18 1.79
min 0.41 1.37 1.61 0.23 3.17 0.07 0.69 4.31 4.24 12.71 6.72 0.17 0.43 2.69
max 20.18 9.29 28.76 23.68 15.70 2.04 46.16 205.77 56.44 266.29 209.85 1.57 1.21 10.52
n 30 30 30 30 30 30 30 30 30 30 30 30 30 30
WEST SIDE OF MUSTAGH ATA (38.2 N; 75.1 E), PAMIRS
•samples collected during October, 1992 from a snowpits 
•All samples melted in field; not filtered
•(!-) = [Cl] + [N03] + [S04]; (1+) = [Na] + [NH4] + [K] + [Mg] + [Ca]; AC = (1+) - (£-)
samp depth comments cone in peq/kg N03: C attg
no top-m a N03 S04 Na NH4 K Mg Ca I 1+ AC S04 Na:CI
SNOWPIT #3 6050m 11 Oct
41 0.00 fresh snow 1.07 2.76 4.27 1.21 4.46 0.22 2.86 18.98 8.09 27.73 19.63 0.65 1.14 6.64
42 0.05 soft, white snow 2.27 5.84 7.45 2.75 11.73 0.62 5.53 39.19 15.57 59.83 44.26 0.78 1.21 7.08
43 0.10 * 5.19 6.66 11.25 5.86 15.61 0.73 6.76 48.71 23.11 77.66 54.55 0.59 1.13 7.21
44 0.15 grey gran snow 1.91 11.28 9.93 1.54 19.17 0.52 3.55 30.33 23.12 55.11 32.00 1.14 0.80 8.55
45 0.20 2cm grey, 3cm DIRTY 6.33 10.46 14.79 6.14 17.27 1.05 22.97 142.90 31.58 190.33 158.75 0.71 0.97 6.22
46 0.25 2cm loose DIRTY 6.03 3.78 5.98 5.54 9.95 0.49 20.17 78.81 15.80 114.96 99.16 0.63 0.92 3.91
47 0.30 v hard white gran 6.72 2.63 4.76 5.42 9.60 0.46 11.15 58.55 14.11 85.18 71.08 0.55 0.81 5.25
46 0.35 w/ many ice layers
49 0.40 " 9.74 4.18 8.83 10.09 8.08 0.74 15.30 113.41 22.75 147.62 124.87 0.47 1.04 7.41
50 0.45 • 10.76 6.37 16.65 11.82 9.94 0.68 8.88 71.76 33.77 103.07 69.29 0.38 1.10 8.08
51 0.50 * 25.61 6.17 29.56 27.05 11.45 1.20 16.74 146.52 61.33 202.96 141.62 0.21 1.06 8.75
52 0.55 " 16.92 10.44 33.01 20.22 12.61 1.39 15.75 146.23 60.37 196.20 135.83 0.32 1.19 9.28
53 0.60 major ICE LAYER 8.21 4.45 10.01 7.62 10.71 0.52 4.39 52.04 22.67 75.28 52.61 0.45 0.93 11.86
54 0.63 loose, soft white hoar 7.87 6.54 27.16 9.67 9.27 0.72 4.68 63.13 41.57 87.47 45.90 0.24 1.23 13.50
55 0.70 • 9.88 9.46 25.68 11.84 9.10 0.93 5.40 68.92 45.02 96.19 51.18 0.37 1.20 12.77
56 0.75 ■ 8.84 8.99 21.70 10.27 10.66 0.76 7.43 72.53 39.53 101.66 62.13 0.41 1.16 9.76
57 0.80 major ICE LAYER 21.13 12.69 41.01 21.25 19.33 1.50 11.89 157.22 74.83 211.20 136.37 0.31 1.01 13.22
58 0.82 loose hoar 32.03 20.37 58.86 38.58 19.33 2.67 19.13 234.13 111.26 313.85 202.59 0.35 1.20 12.24
mean 10.62 7.83 19.46 11.58 12.25 0.89 10.74 90.79 37.91 126.25 88.34 0.50 1.06 8.93
stdev 8.56 4.45 14.93 9.95 4.37 0.57 6.47 57.14 26.53 73.85 52.23 0.23 0.14 2.91
min 1.91 2.63 4.76 1.54 8.08 0.46 3.55 30.33 14.11 55.11 32.00 0.21 0.80 3.91
max 32.03 20.37 58.86 38.58 19.33 2.67 22.97 234.13 111.26 313.85 202.59 1.14 1.23 13.50
n 17 17 17 17 17 17 17 17 17 17 17 17 17 17
WESTERN KUN LUN, CHONGCE ICE CAP: SINO-JAPANESE ICE CORE 1987
S i t e  B 1 2  ( 3 1 .2 N ;  8 1 . 1 E ) ;  C o r e  D  5 9 5 0 m  4 - 9  A u g u s t ;  s e e  B u l le t in  o f  G l a c i e r  R e s e a r c h ,  Vol 7  ( 1 9 8 9 )
1 2  m e t e r s  a n a l y z e d  ( = 5 c m  s a m p l e s )  o n l y  s a m p l e s  o f  i c e  r e p o r t e d ;  f irn  s a m p l e s  w e r e  c o n t a m i n a t e d  d u r i n g  t r a n s p o r t  
All s a m p l e s  fo r  io n  a n a l y s i s  f i l t e r e d  t h r o u g h  p r e c l e a n e d  2  m i c r o n  D u r a p o r e ™  f i l te r s
( ! - )  = [Cl]  +  [ N 0 3 ]  +  [ S 0 4 ] ; G »  =  [N a] + [K] +  [M g] +  [C a] ; 0 II M 1 M 1 
__
s a m p
n o .
p h y s  d e p t h  
s t r a t  t o p - m
Q  N 0 3 S 0 4  N a  
io n  c o n e  u E q / k q
N H 4  K M g C a X- X+ A C  N 0 3 :  Na:C I  C a :M g  
S 0 4
2 ic e 1 . 9 9 1 0 . 6 7 5 . 3 8 8 . 1 6 1 5 . 0 4 1 1 . 8 7 1 . 2 0 2 . 2 8 1 9 . 2 5 2 4 . 2 1 3 7 . 7 8 1 3 . 5 7 0 . 6 6 1 . 4 1 8 . 4 3
3 i c e 2 . 0 5 2 4 . 0 4 5 . 5 3 2 4 . 5 6 4 7 . 5 4 2 4 . 4 7 2 . 8 8 3 . 9 7 3 4 . 3 0 5 4 . 1 3 8 8 . 6 9 3 4 . 5 5 0 . 2 2 1 . 9 8 8 . 6 4
9 i c e 2 . 4 5 2 3 . 0 5 8 . 5 6 1 7 . 6 8 2 5 . 6 1 2 1 . 5 9 1 . 6 2 3 . 6 5 8 4 . 6 1 4 9 . 2 9 1 1 5 . 4 9 6 6 . 2 0 0 . 4 8 1 . 1 1 2 3 . 2 1
1 0 i c e 2 . 5 0 2 4 . 7 6 1 0 . 5 3 2 5 . 4 2 2 9 . 5 0 2 5 . 5 9 2 . 6 3 3 . 5 1 8 7 . 3 7 6 0 . 7 0 1 2 3 . 0 0 6 2 . 3 0 0 . 4 1 1 . 1 9 2 4 . 9 0
1 1 i c e 2 . 5 5 2 4 . 0 5 8 . 7 0 2 4 . 9 7 2 5 . 4 4 2 2 . 3 1 1 . 4 9 3 . 4 3 7 3 . 1 8 5 7 . 7 3 1 0 3 . 5 3 4 5 . 8 1 0 . 3 5 1 . 0 6 2 1 . 3 6
1 2 i c e 2 . 6 0 1 8 . 7 9 6 . 7 8 1 9 . 4 9 1 5 . 9 4 1 6 . 9 6 1 . 0 0 2 . 2 4 5 2 . 0 8 4 5 . 0 6 7 1 . 2 7 2 6 . 2 1 0 . 3 5 0 . 8 5 2 3 . 2 1
1 4 i c e 2 . 7 5 2 4 . 0 8 6 . 4 0 2 4 . 7 6 2 0 . 8 1 2 2 . 0 4 1 . 7 3 6 . 1 0 9 9 . 4 1 5 5 . 2 4 1 2 8 . 0 4 7 2 . 8 0 0 . 2 6 0 . 8 6 1 6 . 3 1
1 5 d i r t y 2 . 7 9 2 4 . 0 6 5 . 6 4 3 1 . 3 4 2 2 . 5 7 3 5 . 1 0 2 . 2 8 5 . 7 5 6 5 . 9 0 6 1 . 0 3 9 6 . 5 0 3 5 . 4 6 0 . 1 8 0 . 9 4 1 1 . 4 7
1 6 i c e 2 . 8 3 1 9 . 9 6 5 . 9 9 1 8 . 5 9 1 2 . 4 9 2 0 . 8 6 1 . 0 8 3 . 5 5 4 0 . 4 4 4 4 . 5 4 5 7 . 5 6 1 3 . 0 2 0 . 3 2 0 . 6 3 1 1 . 3 9
1 7 i c e 2 . 8 7 2 4 . 7 9 1 6 . 5 7 3 8 . 3 9 2 2 . 0 7 3 0 . 7 6 1 . 8 3 6 . 5 2 8 5 . 2 9 7 9 . 7 6 1 1 5 . 7 1 3 5 . 9 5 0 . 4 3 0 . 8 9 1 3 . 0 7
1 8 d i r t y 2 . 9 1 2 4 . 0 0 2 0 . 0 8 4 8 . 8 4 2 4 . 9 0 3 3 . 2 4 2 . 2 9 8 . 9 3 9 5 . 0 2 9 2 . 9 1 1 3 1 . 1 4 3 8 . 2 3 0 . 4 1 1 . 0 4 1 0 . 6 4
1 9 i c e 2 . 9 5 2 3 . 9 9 1 8 . 1 6 5 1 . 1 5 2 5 . 1 7 3 7 . 6 0 2 . 3 8 9 . 9 6 9 8 . 6 9 9 3 . 3 0 1 3 6 . 2 1 4 2 . 9 1 0 . 3 6 1 . 0 5 9 . 9 1
2 0 d i r t y 2 . 9 9 2 4 . 0 3 2 0 . 7 1 4 5 . 5 1 2 4 . 6 5 3 0 . 5 6 2 . 0 3 1 2 . 7 4 1 4 1 . 0 8 9 0 . 2 4 1 8 0 . 5 1 9 0 . 2 7 0 . 4 6 1 . 0 3 1 1 . 0 7
2 1 i c e 3 . 0 3 2 2 . 9 0 1 7 . 9 7 3 8 . 0 8 2 2 . 6 7 2 2 . 2 7 1 . 3 6 1 0 . 5 9 1 2 4 . 8 2 7 8 . 9 6 1 5 9 . 4 4 8 0 . 4 8 0 . 4 7 0 . 9 9 1 1 . 7 8
2 2 i c e 3 . 0 7 1 5 . 5 6 1 2 . 4 8 2 3 . 5 2 1 5 . 9 2 1 2 . 7 6 1 . 1 2 9 . 4 9 1 1 5 . 2 0 5 1 . 5 6 1 4 1 . 7 2 9 0 . 1 6 0 . 5 3 1 . 0 2 1 2 . 1 4
2 4 i c e 3 . 2 4 2 8 . 0 6 8 . 3 3 2 4 . 7 2 2 6 . 7 0 2 1 . 3 6 2 . 6 9 5 . 6 3 6 0 . 2 8 6 1 . 1 1 9 5 . 3 0 3 4 . 1 9 0 . 3 4 0 . 9 5 1 0 . 7 0
2 5 i c e 3 . 2 9 2 5 . 6 2 7 . 1 2 2 9 . 4 4 6 1 . 4 8 1 9 . 6 8 3 . 3 0 4 . 9 1 5 0 . 4 1 6 2 . 1 7 1 2 0 . 1 1 5 7 . 9 3 0 . 2 4 2 . 4 0 1 0 . 2 7
2 6 i c e 3 . 3 4 2 4 . 2 7 6 . 6 0 2 1 . 5 7 2 0 . 3 7 2 0 . 6 2 1 . 6 2 5 . 5 9 7 2 . 0 9 5 2 . 4 4 9 9 . 6 7 4 7 . 2 3 0 . 3 1 0 . 8 4 1 2 . 8 9
2 7 i c e 3 . 3 9 3 5 . 3 8 1 1 . 2 3 3 5 . 5 4 2 9 . 6 6 2 4 . 1 0 2 . 3 3 9 . 0 8 1 1 2 . 7 4 8 2 . 1 5 1 5 3 . 8 2 7 1 . 6 7 0 . 3 2 0 . 8 4 1 2 . 4 1
2 8 i c e 3 . 4 4 3 0 . 4 8 6 . 9 4 2 9 . 0 9 2 3 . 7 8 2 3 . 2 1 1 . 9 4 7 . 2 1 8 5 . 3 9 6 6 . 5 1 1 1 8 . 3 2 5 1 . 8 1 0 . 2 4 0 . 7 8 1 1 . 8 5
2 9 d i r t y 3 . 4 8 4 . 8 5 1 . 0 2 1 . 3 5 3 . 8 0 3 . 9 8 0 . 0 8 1 . 3 3 1 5 . 8 7 7 . 2 1 2 1 . 0 9 1 3 . 8 7 0 . 7 6 0 . 7 8 1 1 . 9 7
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WESTERN KUN LUN, CHONGCE ICE CAP: SINO-JAPANESE ICE CORE 1987
S i t e  B 1 2  ( 3 1 . 2 N ;  8 1 . 1E );  C o r e  D  5 9 5 0 m  4 - 9  A u g u s t ;  s e e  B u l le t in  o f  G l a c i e r  R e s e a r c h ,  V ol  7  ( 1 9 8 9 )
1 2  m e t e r s  a n a l y z e d  ( = 5 c m  s a m p l e s )  o n l y  s a m p l e s  o f  i c e  r e p o r t e d ;  f irn  s a m p l e s  w e r e  c o n t a m i n a t e d  d u r i n g  t r a n s p o r t  
All s a m p l e s  f o r  io n  a n a l y s i s  f i l t e r e d  t h r o u g h  p r e c l e a n e d  2  m i c r o n  D u r a p o r e ™  f i l te r s
( I - )  = [Cl] +  [N O S ]  +  [ S 0 4 ] ;  ( 1 + ) =  [Na] + [K] + [Mg] +  [C a ] ; A C  = ( 1 + )  - ( I - )
s a m p
n o .
p h y s
s t r a t
d e p t h
t o p - m
a N 0 3 S 0 4  N a  
io n  c o n e  u E q / k q
N H 4 K M g C a I - 1 + A C N 0 3 :  Na:CI 
S 0 4
C a :M g
3 0 i c e 3 . 5 2 6 . 7 0 2 . 7 3 5 . 6 9 7 . 7 2 7 . 1 9 0 . 3 8 1 . 8 6 1 6 . 8 3 1 5 . 1 1 2 6 . 7 9 1 1 . 6 8 0 . 4 8 1 1 5 9 . 0 6
3 1 i c e 3 . 5 6 1 4 . 1 3 4 . 6 6 1 4 . 0 4 1 3 . 7 1 1 1 . 5 4 0 . 9 0 3 . 4 4 7 2 . 9 9 3 2 . 8 3 9 1 . 0 4 5 8 . 2 1 0 . 3 3 0 9 7 2 1 . 2 0
3 2 i c e 3 . 6 0 1 2 . 0 8 5 . 6 4 1 5 . 0 9 1 4 . 2 4 7 . 8 8 0 . 7 2 1 . 6 5 5 2 . 3 9 3 2 . 8 2 6 9 . 0 0 3 6 . 1 8 0 . 3 7 1 1 8 3 1 . 6 7
3 3 i c e 3 . 6 3 1 0 . 0 6 3 . 1 3 9 . 9 0 1 0 . 0 6 7 . 3 4 0 . 7 2 1 . 9 2 4 9 . 1 0 2 3 . 0 9 6 1 . 8 0 3 8 . 7 1 0 . 3 2 1 0 0 2 5 . 5 8
4 3 i c e 4 . 0 2 2 6 . 3 2 1 0 . 1 0 3 2 . 2 6 2 5 . 4 3 2 6 . 5 3 3 . 3 2 6 . 5 0 7 7 . 0 5 6 8 . 6 7 1 1 2 . 3 0 4 3 . 6 2 0 . 3 1 0 9 7 1 1 . 8 5
6 0 s  d i r ty 5 . 0 8 6 . 0 8 1 . 7 2 2 . 3 2 4 . 4 8 7 . 3 7 0 . 2 4 1 . 3 9 3 0 . 9 5 1 0 . 1 1 3 7 . 0 6 2 6 . 9 4 0 . 7 4 0 7 4 2 2 . 3 1
6 1 d i r t y 5 . 1 2 6 . 9 8 1 . 1 9 2 . 3 3 5 . 4 5 7 . 8 7 0 . 3 9 1 . 7 9 2 1 . 8 4 1 0 . 5 0 2 9 . 4 8 1 8 . 9 7 0 . 5 1 0 7 8 1 2 . 2 3
6 2 s  d i r ty 5 . 1 6 1 0 . 5 7 4 . 4 5 4 . 3 8 1 1 . 2 7 1 2 . 0 5 0 . 5 8 1 . 4 9 2 2 . 4 8 1 9 . 4 0 3 5 . 8 2 1 6 . 4 2 1 . 0 1 1 0 7 1 5 . 0 5
6 3 s  d i r ty 5 . 2 0 1 2 . 4 6 4 . 0 8 3 . 1 4 1 2 . 3 3 1 3 . 7 5 0 . 6 9 2 . 6 7 2 5 . 5 0 1 9 . 6 7 4 1 . 1 9 2 1 . 5 2 1 . 3 0 0 9 9 9 . 5 5
6 4 d i r t y 5 . 2 6 1 2 . 8 7 2 . 1 4 4 . 5 9 9 . 8 5 1 5 . 4 4 1 . 6 0 3 . 0 8 2 7 . 2 8 1 9 . 6 1 4 1 . 8 1 2 2 . 2 0 0 . 4 7 0 7 6 8 . 8 6
6 5 i c e 5 . 3 4 8 . 7 9 2 . 1 9 2 . 0 3 7 . 3 4 8 . 2 5 0 . 6 7 1 . 9 6 2 4 . 4 1 1 3 . 0 1 3 4 . 3 9 2 1 . 3 7 1 . 0 8 0 8 3 1 2 . 4 3
6 7 i c e 5 . 4 3 2 5 . 0 0 9 . 3 2 2 0 . 6 6 3 3 . 6 8 1 1 . 6 2 1 . 9 7 8 . 0 1 1 0 9 . 4 1 5 4 . 9 8 1 5 3 . 0 7 9 8 . 0 9 0 . 4 5 1 3 5 1 3 . 6 6
6 8 i c e 5 . 4 7 2 8 . 3 0 2 1 . 7 1 4 5 . 8 3 3 8 . 9 2 2 1 . 6 5 2 . 9 7 1 9 . 2 4 2 1 2 . 0 5 9 5 . 8 3 2 7 3 . 1 7 1 7 7 . 3 0 . 4 7 1 3 8 1 1 . 0 2
6 9 d i r t y 5 . 5 1 2 8 . 3 0 2 3 . 0 8 5 0 . 2 3 3 7 . 9 7 1 8 . 9 3 3 . 2 8 2 4 . 1 4 2 2 8 . 2 7 1 0 1 . 6 1 2 9 3 . 6 6 1 9 2 . 1 0 . 4 6 1 3 4 9 . 4 5
7 0 i c e 5 . 5 5 9 . 6 7 8 . 0 5 1 8 . 2 7 1 1 . 4 8 8 . 6 3 1 . 5 4 1 0 . 3 7 5 5 . 0 4 3 5 . 9 8 7 8 . 4 3 4 2 . 4 5 0 . 4 4 1 1 9 5 . 3 1
7 1 i c e 5 . 8 7 7 . 8 7 3 . 8 0 7 . 2 4 1 6 . 2 3 6 . 8 7 0 . 9 2 2 . 0 1 2 3 . 2 5 1 8 . 9 1 4 2 . 4 1 2 3 . 4 9 0 . 5 3 2 0 6 1 1 . 5 7
7 2 i c e 5 . 9 2 1 5 . 9 3 8 . 1 5 1 5 . 2 5 3 2 . 1 4 1 4 . 0 5 1 . 3 4 2 . 7 4 5 7 . 6 9 3 9 . 3 2 9 3 . 9 2 5 4 . 5 9 0 . 5 3 2 0 2 2 1 . 0 2
7 3 i c e 5 . 9 7 2 8 . 3 0 1 5 . 8 4 2 6 . 0 4 5 6 . 3 0 2 1 . 2 4 2 . 9 2 3 . 9 8 8 6 . 8 5 7 0 . 1 8 1 5 0 . 0 5 7 9 . 8 6 0 . 6 1 1 9 9 2 1 . 8 4
7 4 i c e 6 . 0 2 2 1 . 6 9 9 . 3 9 1 5 . 6 2 3 5 . 2 6 1 5 . 4 9 1 . 5 6 2 . 7 5 5 5 . 6 9 4 6 . 7 0 9 5 . 2 7 4 8 . 5 6 0 . 6 0 1 6 3 2 0 . 2 8
7 5 i c e 6 . 0 9 1 0 . 4 2 3 . 6 2 6 . 9 9 1 7 . 2 6 5 . 8 6 0 . 9 7 2 . 1 8 2 2 . 7 4 2 1 . 0 3 4 3 . 1 5 2 2 . 1 2 0 . 5 2 1 6 6 1 0 . 4 4
7 6 d i r t y 6 . 1 5 2 4 . 9 8 6 . 3 8 1 4 . 0 5 3 5 . 3 0 1 4 . 7 4 1 . 3 2 3 . 8 0 7 0 . 8 9 4 5 . 4 1 1 1 1 . 3 0 6 5 . 8 9 0 . 4 5 1 4 1 1 8 . 6 8
WESTERN KUN LUN, CHONGCE ICE CAP: SINO-JAPANESE ICE CORE 1987
S i t e  B 1 2  ( 3 1 . 2 N ;  8 1 . 1 E ) ;  C o r e  0  5 9 5 0 m  4 - 9  A u g u s t ;  s e e  B u l le t in  o f  G l a c i e r  R e s e a r c h ,  V ol  7  ( 1 9 8 9 )
1 2  m e t e r s  a n a l y z e d  ( = 5 c m  s a m p l e s )  o n l y  s a m p l e s  o f  i c e  r e p o r t e d ;  f irn  s a m p l e s  w e r e  c o n t a m i n a t e d  d u r i n g  t r a n s p o r t  
All s a m p l e s  f o r  io n  a n a l y s i s  f i l t e r e d  t h r o u g h  p r e c l e a n e d  2  m i c r o n  D u r a p o r e ™  f i l te rs  
( I  ) =  (Cl)  +  [ N 0 3 ]  +  [ S 0 4 ] ;  ( 1 + )  =  [N a]  +  [K] +  [M g] +  (C a ) ;  A C  =  £ + )  - (X-)
s a m p
n o .
p h y s
s t r a t
d e p t h
t o p - m
a N 0 3 S 0 4  
io n  c o n e
N a
p E q / k g
N H 4 K Mg C a I- 1+ A C N 0 3 :  Na:CI 
S 0 4
C a :M g
7 7 i c e 6 . 2 2 1 8 0 1 8 0 6 11 4 5 2 8 3 7 1 0 2 2 1 5 1 3 2 3 4 5 0 3 3 7 5 2 7 8 1 4 4 0 6 2 0 7 0 1 5 8 1 3 9 6
7 8 i c e 6 . 2 7 1 5 3 9 5 2 6 1 4 1 4 3 8 3 9 8 0 3 1 3 3 1 9 7 3 9 4 3 3 4 7 9 8 1 1 2 4 6 3 3 0 3 7 2 4 9 1 9 9 9
7 9 i c e 6 . 3 2 2 3 4 1 1 0 1 2 2 7 6 8 2 9 2 9 1 4 6 9 1 4 1 4 2 3 9 3 6 7 6 1 2 1 1 2 8 6 0 6 7 4 0 0 3 7 1 2 5 2 2 1 5
9 1 i c e 7 . 0 0 3 3 3 8 9 6 0 2 3 6 8 3 5 6 6 2 0 6 7 2 0 5 4 5 3 6 7 3 2 6 6 6 7 1 0 9 5 5 4 2 8 9 0 4 1 1 0 7 1 4 8 6
9 2 i c e 7 . 0 6 2 4 7 4 7 1 2 2 5 8 5 2 6 6 8 2 7 6 0 2 6 8 7 5 7 6 7 1 9 5 7 7 1 1 0 4 11 4 6 4 0 0 2 8 1 0 8 8 8 8
9 3 s  d i r ty 7 . 1 1 2 5 0 0 8 7 9 2 9 9 3 2 5 8 3 2 4 9 8 2 3 3 7 8 6 1 0 1 2 4 6 3 71 1 3 7 2 7 7 3 5 5 0 2 9 1 0 3 1 2 8 8
9 4 i c e 7 . 1 5 2 2 0 9 1 0 1 3 2 3 2 6 2 2 7 2 2 1 4 3 2 0 7 7 1 5 7 2 0 3 5 5 4 7 1 0 3 9 6 4 8 4 9 0 4 4 1 0 3 1 0 0 7
9 5 d i r t y 7 . 1 9 3 5 1 6 1 2 7 6 3 3 1 0 3 6 7 6 3 1 5 5 2 8 5 8 8 9 1 3 2 11 8 1 0 2 1 8 0 6 1 9 9 5 9 0 3 9 1 0 5 1 4 8 6
9 6 i c e 7 . 2 3 1 9 1 6 8 0 6 1 4 1 2 1 9 7 3 1 9 8 3 1 3 5 3 4 7 4 8 3 8 4 1 3 4 7 2 9 4 3 1 6 0 0 5 7 1 0 3 1 3 9 4
9 7 i c e 7 . 3 0 8 9 2 6 0 4 1 0 1 0 9 6 6 1 2 2 8 1 1 9 3 7 0 3 9 2 2 2 5 0 6 5 3 7 7 2 8 7 1 0 6 0 1 0 8 1 0 6 1
9 8 s  d i r ty 7 . 3 6 1 7 0 5 9 6 3 1 3 8 4 1 0 5 6 8 6 1 1 0 5 2 8 5 3 6 6 8 4 0 5 2 5 1 1 4 1 0 6 2 0 7 0 0 6 2 1 2 8 7
9 9 i c e 7 . 4 0 2 1 8 4 1 4 3 5 2 9 3 1 2 5 8 0 2 0 6 5 1 . 6 1 6 9 8 1 2 0 98 6 5 5 0 1 5 5 3 7 8 9 8 7 0 4 9 1 1 8 1 7 3 3
1 0 0 i c e 7 . 4 4 3 5 6 8 1 5 3 1 2 3 6 1 3 1 4 8 2 8 11 2 . 0 5 7 9 6 1 6 7 9 4 7 4 5 9 2 0 9 4 3 1 3 4 . 8 0 6 5 0 8 8 2 1 1 0
1 0 1 d i r t y 8 . 2 9 3 1 9 3 5 3 8 2 3 3 0 2 3 6 6 3 0 3 3 1 . 9 1 4 9 1 1 0 3 5 7 6 0 6 1 1 3 4 0 5 7 3 4 4 0 2 3 0 7 4 2 1 0 8
1 0 2 d i r t y 8 . 3 4 3 5 71 5 6 9 2 0 6 3 2 8 6 7 2 9 8 2 2 2 3 4 5 1 8 7 1 8 6 2 0 3 1 2 2 5 9 6 0 5 5 0 2 8 0 8 0 1 9 3 5
1 0 3 i c e 8 . 7 6 3 6 4 5 6 2 2 3 0 6 4 2 6 5 8 3 7 0 7 2 8 2 5 7 5 6 4 6 9 7 3 3 1 9 9 8 4 2 6 5 3 0 2 0 0 7 3 11 2 4
1 0 4 s  d i r ty 9 . 7 6
00CM 1 4 4 5 9 1 6 0 4 2 1 7 8 2 3 5 3 1 8 9 3 3 1 4 4 7 2 4 8 7 7 7 1 7 0 2 2 9 3 0 2 9 0 7 7 1 3 5 2
1 0 5 ic e 9 . 8 0 2 2 1 5 7 3 2 2 1 9 7 1 7 9 4 2 4 1 9 1
oCO 4 8 2 5 4 5 7 5 1 4 4 7 9 1 4 2 7 7 0 0 3 3 0 8 1 11 3 2
1 0 6 d i r t y 9 . 9 9 1 6 3 6 2 9 6 1 6 2 0 11 7 8 1 7 8 1 1 3 1 5 2 7 6 2 88 3 5 5 2 8 1 2 4 4 5 7 2 0 1 8 0 7 2 11 9 3
1 0 7 s  d i r ty 1 0 . 0 4 2 5 3 0 4 3 4 2 2 6 0 1 8 0 5 2 4 5 4 1 . 8 8 7 4 4 9 8 2 3 5 2 2 4 1 2 5 6 0 7 3 3 5 0 1 9 0 7 1 1 3 2 0
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WESTERN KUN LUN, CHONGCE ICE CAP: SINO-JAPANESE ICE CORE 1987
S i t e  B 1 2  ( 3 1 . 2 N ;  8 1 . 1 E ) ;  C o r e  D  5 9 5 0 m  4 - 9  A u g u s t ;  s e e  B u l le t in  o f  G l a c i e r  R e s e a r c h ,  Vol 7  ( 1 9 8 9 )
1 2  m e t e r s  a n a l y z e d  (*=5cm s a m p l e s )  o n l y  s a m p l e s  o f  i c e  r e p o r t e d ;  f irn  s a m p l e s  w e r e  c o n t a m i n a t e d  d u r i n g  t r a n s p o r t  
All s a m p l e s  f o r  io n  a n a l y s i s  f i l t e r e d  t h r o u g h  p r e c l e a n e d  2  m i c r o n  D u r a p o r e ™  f i l te r s  
( I - )  =  (CIl +  [ N 0 3 l  +  [ S 0 4 J ;  ( 1 + )  =  [N aJ  +  [K] + (Mg] +  [ C a j ;  A C  =  ( 1 + )  - (X -)
s a m p
n o .
p h y s
s t r a t
d e p t h
t o p - m
a N 0 3 S 0 4  
io n  c o n e
N a
p E q / k g
N H 4 K Mg C a I- 1+ A C N 0 3 :  N a d  
S 0 4
C a :M g
1 0 8 s  d i r ty 1 0 . 0 8 1 5 . 9 3 5 . 5 6 2 2 . 4 7 1 4 . 1 6 1 2 . 2 7 1 . 3 2 7 . 4 6 7 8 . 0 2 4 3 . 9 5 1 0 0 . 9 6 5 7 . 0 1 0 . 2 5 0 . 8 9 1 0 . 4 5
1 0 9 s  d i r ty 1 0 . 1 2 8 . 6 4 4 . 0 4 1 1 . 7 0 8 . 8 5 6 . 2 3 0 . 5 6 5 . 2 2 4 8 . 0 0 2 4 . 3 8 6 2 . 6 3 3 8 . 2 5 0 . 3 5 1 . 0 3 9 . 2 0
1 1 0 i c e 1 0 . 1 6 1 4 . 9 3 5 . 3 2 1 9 . 2 1 1 2 . 3 7 1 6 . 5 1 1 . 0 6 4 . 8 3 9 9 . 6 1 3 9 . 4 6 1 1 7 . 8 7 7 8 . 4 1 0 . 2 8 0 . 8 3 2 0 . 6 2
1 1 1 d i r t y 1 1 . 5 3 1 8 . 1 9 4 . 6 2 1 5 . 1 8 1 7 . 6 5 1 8 . 0 0 1 . 3 5 4 . 9 8 7 6 . 5 2 3 7 . 9 9 1 0 0 . 5 0 6 2 . 5 1 0 . 3 0 0 . 9 7 1 5 . 3 5
1 1 2 d i r t y 1 1 . 5 8 1 6 . 6 6 4 . 8 7 1 2 . 6 1 1 5 . 3 5 1 4 . 2 7 1 . 0 8 5 . 2 0 7 5 . 1 4 3 4 . 1 4 9 6 . 7 8 6 2 . 6 3 0 . 3 9 0 . 9 2 1 4 . 4 5
1 1 3 d i r t y 1 1 . 6 2 3 7 . 0 3 1 0 . 9 4 3 7 . 9 7 4 0 . 7 6 2 5 . 8 5 2 . 3 8 8 . 8 0 1 2 2 . 1 4 8 5 . 9 5 1 7 4 . 0 8 8 8 . 1 3 0 . 2 9 1 . 1 0 1 3 . 8 8
1 1 4 i c e 1 1 . 7 3 2 3 . 3 4 9 . 2 4 2 4 . 4 2 2 4 . 9 3 8 . 9 0 1 . 3 4 6 . 5 3 1 1 7 . 0 9 5 7 . 0 0 1 4 9 . 8 9 9 2 . 8 9 0 . 3 8 1 . 0 7 1 7 . 9 2
1 1 5 d i r t y 1 1 . 7 7 1 5 . 9 7 7 . 4 9 2 6 . 7 5 1 6 . 5 0 1 0 . 2 9 1 . 1 3 7 . 6 5 1 2 5 . 9 4 5 0 . 2 1 1 5 1 . 2 3 1 0 1 . 0 0 . 2 8 1 . 0 3 1 6 . 4 6
1 1 6 v .  d i r ty 1 1 . 8 1 1 5 . 4 0 6 . 0 6 1 8 . 9 1 1 3 . 9 2 1 0 . 2 3 0 . 8 8 4 . 5 8 6 9 . 6 5 4 0 . 3 7 8 9 . 0 3 4 8 . 6 6 0 . 3 2 0 . 9 0 1 5 . 2 0
1 1 7 i c e 1 1 . 8 5 1 2 . 9 6 4 . 5 7 1 4 . 7 5 1 2 . 3 8 1 0 . 6 0 0 . 8 7 4 . 6 9 6 6 . 5 2 3 2 . 2 8 8 4 . 4 5 5 2 . 1 7 0 . 3 1 0 . 9 6 1 4 . 1 8
1 1 8 d i r t y 1 1 . 8 9 7 . 4 7 2 . 5 9 7 . 5 5 6 . 3 8 6 . 6 2 0 . 7 4 5 . 4 9 7 7 . 3 1 1 7 . 6 2 8 9 . 9 2 7 2 . 3 0 0 . 3 4 0 . 8 5 1 4 . 0 9
1 1 9 d i r t y 1 1 . 9 3 4 . 2 8 1 . 4 6 3 . 4 7 3 . 8 9 5 . 1 5 0 . 4 6 4 . 4 0 6 8 . 0 8 9 . 2 1 7 6 . 8 3 6 7 . 6 2 0 . 4 2 0 . 9 1 1 5 . 4 8
1 2 0 s  d i r ty 1 1 . 9 7 5 . 7 6 2 . 5 8 4 . 4 4 5 . 6 7 5 . 2 4 0 . 9 2 3 . 7 8 6 5 . 7 1 1 2 . 7 8 7 6 . 0 8 6 3 . 2 9 0 . 5 8 0 . 9 8 1 7 . 3 9
1 2 1 i c e 1 2 . 0 1 8 . 2 1 3 . 9 5 7 . 0 6 9 . 1 5 5 . 6 4 0 . 6 3 3 . 6 0 5 7 . 8 3 1 9 . 2 2 7 1 . 2 1 5 1 . 9 9 0 . 5 6 1 . 1 1 1 6 . 0 8
1 2 2 d i r t y 1 2 . 0 5 1 0 . 2 1 3 . 0 9 8 . 1 8 1 0 . 5 1 6 . 2 6 0 . 7 1 4 . 1 2 5 9 . 6 3 2 1 . 4 9 7 4 . 9 7 5 3 . 4 9 0 . 3 8 1 . 0 3 1 4 . 4 6
MEAN 1 9 . 6 8 7 . 7 9 2 0 . 3 2 2 1 . 4 9 1 7 . 4 4 1 . 5 7 5 . 4 7 7 4 . 1 6 4 7 . 7 9 1 0 2 . 6 8 5 4 . 8 9 0 . 4 3 1 . 1 0 1 4 . 6 9
S T D  D E V 8 . 7 0 5 . 0 0 1 2 . 0 4 1 1 . 7 7 8 . 7 1 0 . 7 9 3 . 7 0 4 0 . 5 3 2 3 . 5 6 5 0 . 4 3 3 3 . 1 7 0 . 2 0 0 . 3 8 4 . 9 4
MM 4 . 2 8 1 . 0 2 1 . 3 5 3 . 8 0 3 . 9 8 0 . 0 8 1 . 3 3 1 5 . 8 7 7 . 2 1 2 1 . 0 9 1 0 . 6 2 0 . 1 8 0 . 6 2 5 . 3 1
MAX 3 7 . 0 2 3 . 1 5 1 . 2 6 1 . 5 3 7 . 6 3 . 3 2 4 . 1 2 2 8 . 3 1 0 1 . 6 2 9 3 . 7 1 9 2 . 1 1 . 3 2 . 5 3 1 . 7
n  7 7  7 7  7 7  7 7  7 7  7 7  7 7  7 7  7 7  7 7  7 7  7 7  7 7  7 7
185
GLACIER NO. 1, HEADWATERS OF URUMCH RIVER (43.1 N; 86.8 E), TIEN SHAN AND BOGDA FENG (43.8 N; 90 .0  E), BOGDA SHAN
•samples were melted in the field and transferred into 20ml containers for shipment to UNH; SAMPLES NOT FILTERED 
•oxygen isotope analyses were performed by Dr. Pieter Grootes, Quaternary Research Lab, University of Washington, Seattle, WA 
•(!-) = Cl + N03 + S04; (1+) = Na + K + Mg + Ca; AC = (1+) - (I-)




a  N03 S04 Na K Mg
(ion cone in u eq/kg)
Ca I- 1+ AC N03: N a d  Ca:Mg 
S04
1. G L A C IE R  NO.1 1
F R E S H  S N O W  ( G l a c N o t )
1.2 10-Apr 3855 surf-14 -21.7 14.1 3.9 55.1 47.8 1.7 9.0 87.8 73.1 146.3 73.1 0.07 3.38 9.75
3.4 10-Apr 3900 surf-14 -23.0 8.6 2.0 13.2 9.9 1.6 4.0 44.8 23.8 60.3 36.5 0.15 1.14 11.24
5.6 10-Apr 3945 surf-14 -23.1 7.5 2.0 14.5 9.2 0.3 4.5 45.9 24.0 59.9 35.9 0.14 1.22 10.24




10-Apr 3960 0 -25.9 14.6 1.1 4.9 1.5 0.2 1.8 18.8 20.6 22.3 1.7 0.22 0.10 10.39
10 4 -21.1 6.9 2.2 15.4 8.0 0.6 5.7 52.6 24.6 67.0 42.4 0.14 1.16 9.27
11 8 -16.8 10.9 1.7 31.0 165.8 2.3 26.7 232.2 43.6 427.0 383.3 0.06 15.27 8.71
12 12 -20.5 17.9 3.2 58.0 315.8 4.0 40.9 331.8 79.2 692.5 613.3 0.06 17.60 8.12
13 16 -21.3 1.1 1.5 2.9 5.9 0.8 4.6 76.8 5.5 88.1 82.5 0.51 5.20 16.67
14 20 -19.2 0.9 1.1 2.2 5.9 1.5 3.0 33.2 4.2 43.7 39.5 0.50 6.76 10.90
15 24 -18.9 2.3 4.2 8.4 1.8 0.6 2.2 19.9 14.9 24.5 9.7 0.50 0.79 8.96
16 27 -18.3 1.1 1.9 4.3 0.6 0.3 0.9 11.0 7.3 12.8 5.5 0.44 0.53 12.19
17 30 -17.7 3.5 2.4 8.3 2.1 0.4 2.3 23.7 14.1 28.4 14.3 0.28 0.60 10.27
18 33 -16.7 2.3 1.7 8.1 1.1 0.5 2.6 20.1 12.1 24.3 12.3 0.21 0.48 7.64
19 37 -15.1 2.2 2.2 9.0 2.1 0.6 2.1 18.0 13.4 22.9 9.5 0.24 0.97 8.42
20 41 -12.4 4.0 1.7 8.8 17.7 1.8 8.6 110.3 14.5 138.5 124.0 0.20 4.43 12.77
21 45 -9.5 55.2 12.9 71.1 52.6 2.4 19.3 238.5 139.2 312.8 173.6 0.18 0.95 12.39
SNOWPIT#2 (Glac No 1)
22 11-Apr 4140 0 -25.6 3.8 2.4 10.2 5.0 0.2 4.5 39.8 16.4 49.5 33.1 0.24 1.32 8.79
23 4 -16.9 67.2 9.9 176.1 200.5 2.6 27.0 248.5 253.2 478.6 225.4 0.06 2.98 9.21
24 8 -19.1 43.2 8.2 149.5 159.2 1.9 20.9 182.1 201.0 364.2 163.2 0.06 3.68 8.72
25 12 -19.6 6.9 8.2 14.1 7.7 0.7 6.3 77.1 29.2 91.7 62.5 0.58 1.10 12.33
26 17 -17.5 4.5 4.7 10.2 5.4 0.5 3.2 39.7 19.4 48.9 29.5 0.46 1.20 12.38
GLACIER NO. 1, HEADWATERS OF URUMQI RIVER (43.1 N; 86 .8  E), TIEN SHAN AND BOGDA FENG (43.8 N; 90.0 E), BOGDA SHAN
•samples were melted in the field and transferred into 20ml containers for shipment to UNH; SAMPLES NOT FILTERED 
•oxygen isotope analyses were performed by Dr. Pieter Grootes, Quaternary Research Lab, University of Washington, Seattle, WA
■(!-) = Cl + N03 + S04; (1+) = Na + K + Mg + Cai AC = (1+) (I-)








Mg Ca I- 1+ AC N03: NatCI 
SQ4
Ca:Mg
27 22 -17.3 1.4 2.6 6.0 2.7 1.2 2.1 19.5 10.0 25.4 15.4 0.44 1.96 9.46
28 27 -16.8 2.5 2.0 6.1 2.7 0.3 2.2 24.4 10.6 29.5 18.9 0.33 1.07 10.96
29 32 -15.3 2.1 1.8 8.1 2.3 0.3 2.6 28.9 12.1 34.2 22.1 0.23 1.08 10.99
30 36 -12.1 4.1 2.9 11.2 2.5 0.5 2.8 23.0 18.1 28.7 10.6 0.26 0.61 8.22
31 40 -9.4 33.7 8.7 41.6 33.1 5.3 15.7 163.2 84.0 217.3 133.2 0.21 0.98 10.38
32 44 -7.7 2.3 3.4 2.5 2.0 0.3 2.8 11.6 8.2 16.7 8.5 1.38 0.87 4.14
33 48 -8.4 2.3 2.5 2.0 1.7 0.3 3.1 9.2 6.8 14.2 7.4 1.27 0.73 2.94
34 53 -8.0 5.0 2.1 4.4 3.2 0.4 4.5 15.3 11.4 23.4 12.0 0.47 0.65 3.37
35 4 to 8 -16.8 73.6 10.6 186.5 226.2 2.7 33.4 277.9 270.7 540.2 269.5 0.06 3.07 8.32
FRESH SNOW (Victory Pass Traverse)
41.42 12-Apr 3450 surf-3 •28.3 1.3 5.1 10.5 1.4 0.2 2.0 23.0 16.8 26.6 9.7 0.49 1.11 11.40
43.44 3510 surf-3 -28.1 0.6 2.6 6.2 0.9 0.1 1.2 12.6 9.4 14.8 5.4 0.42 1.44 10.58
45.46 3640 surf-3 -27.0 1.2 3.5 7.5 1.3 0.1 1.7 15.9 12.2 19.1 6.8 0.47 1.06 9.23
47.49 40 m 3810 surf-15 -26.4 1.6 3.2 7.7 2.0 0.3 2.2 18.5 12.5 23.0 10.5 0.42 1.25 8.50
51.52 roadside 3810 surf-15 -27.4 1.1 3.0 7.9 1.8 0.1 2.0 17.8 11.9 21.7 9.8 0.38 1.60 9.03
53.54 Vict.pass 4110 surf-15 -27.5 6.2 2.5 9.0 6.8 2.7 2.4 31.5 17.6 43.5 25.8 0.28 1.11 12.98
55.56 S. side 3845 surf-15 -26.2 1.7 2.5 7.8 2.7 0.2 2.6 23.2 12.0 28.6 16.6 0.32 1.61 8.96
57.58 S. side 3580 surf-15 -25.9 1.7 2.7 8.7 3.6 0.2 3.4 27.7 13.1 35.0 21.9 0.32 2.16 8.13
1. GLACIER NO.1 |
MEAN-ALL SAMPLES -19.3 10.9 3.7 26.0 34.1 1.1 7.4 69.8 40.6 112.4 71.8 0.3 2.45 9.69
STD DEV (N=39) 6.1 18.3 2.9 45.4 73.6 1.2 9.7 86.2 65.1 166.9 121.8 0.3 3.58 2.56
MEAN-FRESH SNOW -25.9 4.0 2.9 12.9 7.8 0.8 3.1 31.3 19.8 42.9 23.1 0.3 1.61 10.08
STD DEV (n=12) 2.2 4.2 1.0 13.5 13.0 0.9 2.1 20.7 17.5 35.7 19.1 0.1 0.69 1.41
m ean-snow  prrs -16.4 13.9 4.0 31.9 45.7 1.2 9.3 86.9 49.8 143.2 93.4 0.4 2.82 9.52
STD DEV (n=27) 4.9 21.2 3.3 53.0 85.9 1.3 11.1 98.4 76.0 192.2 141.3 0.3 4.26 2.93
GLACIER NO. 1, HEADWATERS OF URUMCH RIVER (43.1 N; 86.8 E), TIEN SHAN AND BOGDA FENG (43.8 N; 90 .0  E), BOGDA SHAN
•samples were melted in the field and transferred into 20ml containers for shipment to UNH; SAMPLES NOT FILTERED 
•oxygen isotope analyses were performed by Dr. Pieter Grootes, Quaternary Research Lab, University of Washington, Seattle, WA 
•(51-) = Cl + NOS + S04; (1+) = Na + K + Mg + Ca; AC = (1+) - (I-)
Samp # date elev depth d180 a  N03 S04 Na K Mg Ca Z- 1+ AC N03: Na:CI Ca:Mg
m asl (cm) (ion cone in p eq/kg) S04
II. BOGDA FENG |
SNOWPIT43 ( Bogda Feng)
81 15-Apr 3450 0 -22.1 2.5 4 .3 12.9 5.8 0.3 3.9 37.7 19.6 47.7 28.1 0.33 2.33 9.54
82 4 -19.5 15.6 4.4 43.2 37.2 0.8 15.5 137.7 63.3 191.3 128.0 0.10 2.39 8.90
83 8 -15.7 20.2 5.6 50.7 42.6 1.0 15.6 145.5 76.6 204.8 128.2 0.11 2.11 9.31
84 12 -14.2 46.7 9.3 363.4 467.2 2.9 44.3 405.4 419.4 919.8 500.4 0.03 10.00 9.14
85 16 -14.1 22.0 5.7 51.9 47.0 1.3 17.1 165.0 79.6 230.4 150.8 0.11 2.13 9.64
86 20 -14.3 19.8 12.5 153.2 144.8 1.4 7.9 78.0 185.4 232.1 46.7 0.08 7.32 9.88
87 24 -15.1 9.0 9.5 52.9 41.3 1.2 5.0 50.3 71.4 97.8 26.4 0.18 4.59 10.02
88 28 -15.7 3.3 9.0 21.5 9.0 0.9 4.0 28.0 33.8 41.9 8.2 0.42 2.74 6.94
89 32 -15.3 2.3 4.1 16.8 4.6 1.0 9.0 49.0 23.3 63.5 40.2 0.24 1.95 5.46
90 36 -14.9 2.0 3.1 13.5 3.3 0.7 5.9 34.8 18.6 44.6 26.0 0.23 1.61 5.87
91 40 -14.4 0.6 1.4 5.0 0.4 0.1 1.1 8.1 6.9 9.7 2.8 0.28 0.73 7.56
92 44 -12.9 0.5 1.2 5.1 1.0 0.1 0.7 5.1 6.9 6.9 0.1 0.24 1.88 6.87
93 48 -11.5 0.9 1.1 6.3 0.7 0.2 1.3 8.5 8.4 10.7 2.4 0.18 0.70 6.48
94 52 -10.6 1.4 2.5 19.2 0.9 0.6 2.4 15.2 23.0 19.1 -3.9 0.13 0.67 6.36
FRESH SNOW (Bogda Feng)
97.98 16-Apr 3370 surf-8 -17.6 4.0 6.1 18.5 11.8 1.9 4.3 47.7 28.6 65.7 37.1 0.33 2.93 11.15
99.100 16-Apr 3300 sur-8 -15.4 9.9 8.7 36.3 22.3 1.2 9.5 90.7 54.9 123.6 68.8 0.24 2.26 9.54
103 17-Apr 3050 surf-5 -9.7 0.8 4.9 22.8 0.8 0.4 0.7 5.5 28.5 7.4 -21.1 0.22 0.99 8.42
104 17-Apr 3150 surf-4 -10.0 6.8 6 .0 25.8 9.1 3.8 0.7 15.7 38.6 29.3 -9.3 0.23 1.34 21.16
105.106 17-Apr 3230 surf-10 -10.5 1.7 7.3 24.1 2.6 0.9 1.2 12.5 33.1 17.3 -15.8 0.30 1.50 10.52
107.108 17-Apr 3350 surf-12 -12.8 2.0 10.0 25.9 5.5 0.9 3.2 32.7 37.9 42.3 4.4 0.39 2.67 10.20
GLACIER NO. 1, HEADWATERS OF URUMQI RIVER (43.1 N; 86.8 E), TIEN SHAN AND BOGDA FENG (43.8 N; 90.0 E), BOGDA SHAN
•samples were melted in the field and transferred into 20ml containers for shipment to UNH; SAMPLES NOT FILTERED 
•oxygen isotope analyses were performed by Dr. Pieter Grootes, Quaternary Research Lab, University of Washington, Seattle, WA 
•(!-) = Cl + N03 + S04; (E+) = Na + K + Mg + Ca; AC = (1+) - (I-)








Mg Ca I- 1+ AC N03: Na:Cl 
SQ4
Ca:Mg
109.110 17-Apr 3440 surf-15 -11.8 1.4 7.5 20.2 3.0 0.5 1.7 18.0 29.2 23.2 -6.0 0.37 2.06 10.44
111 17-Apr 3495 surf-15 -14.1 3.6 5.4 19.2 7.7 0.7 4.3 40.5 28.1 53.2 25.1 0.28 2.17 9.47
112 17-Apr 3550 surf-15 -15.5 1.2 6.2 18.4 1.4 0.6 0.7 8.6 25.8 11.4 -14.4 0.34 1.21 11.59
SNOWPITPIT#4 (Bogda Feng)
114 17-Apr 3550 0 -10.6 0.8 2.9 14.8 1.8 6.2 0.8 8.1 18.4 16.9 -1.5 0.20 2.34 9.83
115 4 -11.5 1.4 7.2 23.5 2.7 10.8 1.6 11.1 32.2 26.2 -6.0 0.31 1.90 7.09
116 8 -21.0 1.4 5.6 13.4 4.0 7.1 2.1 20.7 20.4 33.8 13.5 0.41 2.90 10.04
117 12 -23.0 3.5 2.3 13.3 10.0 4.4 5.8 57.3 19.1 77.5 58.4 0.17 2.87 9.96
118 1 6 -17.7 12.0 3.6 35.0 30.5 5.7 12.6 117.9 50.6 166.7 116.1 0.10 2.55 9.37
119 20 -15.9 16.8 4.6 33.9 30.1 8 .8 15.5 126.3 55.3 180.8 125.4 0.14 1.78 8.12
120 24 -13.0 86.2 16.0 556.9 604.7 2.6 38.0 334.8 659.2 980.1 320.9 0.03 7.01 8.81
121 28 -12.4 11.4 3.5 69.8 63.6 3.1 11.8 92.8 84.7 171.3 86.6 0.05 5.59 7.89
122 32 -11.2 6.6 3.0 31.1 14.9 4.6 7.5 48.6 40.6 75.5 34.9 0.10 2.26 6.49
II. BOGDA FENG |
MEAN-ALL SAMPLES -14.5 9.9 5.8 56.8 51.0 2.4 8.0 70.6 72.5 132.0 59.4 0.2 2.73 9.13
STD DEV (N=33) 3.4 16.9 3.4 111.9 131.5 2.7 10.1 91.2 130.6 226.1 106.5 0.1 2.06 2.72
MEANFRESH -13.0 3.5 6.9 23.5 7.1 1.2 2.9 30.2 33.9 41.5 7.6 0.3 1.90 11.39
STDEV (n=10) 2.8 3.0 1.6 5.7 6.8 1.1 2.9 27.0 9.1 36.4 30.1 0.1 0.67 3.78
m ean-snow  prrs -15.1 12.5 5.3 69.9 68.2 2.9 10.0 86.3 87.7 167.4 79.7 0.2 3.06 8.24
STD DEV (n=23) 3.5 19.4 3.8 130.4 152.5 3.0 11.2 102.7 152.1 258.6 118.8 0.1 2.33 1.52
APPENDIX C




BERYLLIUM-7 AND LEAD-210 CONCENTRATIONS MEASURED 
CENTRAL ASIAN SNOW
Several fresh and surface snow samples, as well as selected aerosol samples, 
collected in the mountains of central Asia were analyzed for their 7Be and 210Pb 
concentrations. For snow, large volume samples (=lkg) were collected in polyethylene 
bags. These were melted in the field following the addition of 0.33 ml l*1 concentrated 
HC1. After sitting melted for 12-24 hours, the samples were gravity filtered twice 
through cation exchange filters. The collection and handling of aerosol samples is 
discussed in Section IV.
For analyses of radionuclide concentrations in air and snow, the respective filters 
were placed in 4ml polyethylene tubes. 7Be and 210Pb were analyzed by non-destructive 
gamma spectrometry using a germanium well detector (Dibb, 1990).
The results of analyses in central Asian snow and air appear in Table C. 1 and C.2. 
Originally we had hoped that 7Be could be used as a tracer for stratospheric air. 
Unfortunately we found considerable variation on short spatial and temporal scales which 
precludes a straightforward determination of stratospheric inputs.
REFERENCES
Dibb J. E. (1990) Beryllium-7 and lead-210 in the atmosphere and surface snow over the 
Greenland Ice Sheet in the summer of 1989. J. Geophys. Res. 95, 22,407-22,415.
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Table C. 1. 7Be and 210Pb concentrations in central Asian snow.
(Uncertainties appear in brackets)
date type of elev. 7Be 2,0Pb 7B e / 2,0Pb
sample (m asl) (cone in pCiAg)
Khunjerab Pass, Karakoram, 1988
1-Jul fresh 5430 65.2 (1.58) 6.37 (0.47) 10.2
1-Jul fresh 5300 38.3 (1.27) 4.95 (0.40) 7.7
1-Jul fresh 5240 58.1 (1.67) 9.90 (0.67) 5.9
1-Jul fresh 5240 53.1 (1.19) 7.51 (0.43) 7.1
1-Jul fresh 5120 57.3 (1.54) 6.37 (0.49) 9.0
Glacier Number 1, Tien Shan, 1989
10-Apr fresh 3855 4.20 (0.31) 0.93 (0.20) 4.5
10-Apr fresh 3900 6.63 (0.61) 0.36 (0.52) 18.4
10-Apr fresh 3945 6.90 (0.53) 1.39 (0.25) 5.0
10-Apr fresh 3960 3.89 (0.28) 2.72 (0.26) 1.4
10-Apr fresh 4140 1.00 (0.32) 1.08 (0.34) 0.9
19-Apr fresh 3720 31.2 (1.81) 4.94 (0.65) 6.3
19-Apr fresh 3750 18.0 (1.38) 3.61 (0.63) 5.0
Victory Pass Traverse, Tien Shan, 1989
10-Apr fresh 3450 6.52 (0.63) bd
10-Apr fresh 3640 11.0 (2.05) bd
10-Apr fresh 3810 3.44 (0.24) 0.88 (0.14) 3.9
10-Apr fresh 4110 3.88 (0.37) 0.84 (0.20) 4.6
10-Apr fresh 3700 4.73 (0.33) 1.76 (0.19) 2.7
Bogda Shan, 1989
16-Apr fresh 3450 10.3 (0.49) 3.40 (0.28) 3.0
16-Apr fresh 3450 2.99 (0.37) 0.61 (0.18) 4.9
16-Apr fresh 3360 23.5 (1.63) 5.83 (0.75) 4.0
16-Apr fresh 3050 23.5 (1.01) 2.87 (0.34) 8.2
16-Apr fresh 3150 34.7 (1.50) 4.56 (0.53) 7.6
16-Apr fresh 3230 39.6 (1.35) 5.48 (0.48) 7.2
16-Apr fresh 3350 27.0 (1.36) 0.91 (0.40) 29.7
16-Apr fresh 3440 26.0 (0.87) bd
16-Apr fresh 3550 17.8 (1.90) bd
19-Apr fresh 1940 1.18 (0.39) bd
Mt. Geladaindong, Tanggula Shan, 1990
23-Jul fresh 5950 18.5 (0.76) 4.32 (0.32) 4.3
23-Jul fresh 5850 29.5 (2.06) 7.36 (0.80) 4.0
25-Jul fresh 5270 38.9 (1.18) 4.66 (0.32) 8.3
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Table C . l .  (continued) 7Be and 2lOpb concentrations in central Asian snow.
(Uncertainties appear in brackets)







Meikuang Glacier, Eastern Kun Lun, 1990
6-Aug fresh 4600 43.2 (1.14) 8.43 (0.61) 5.1
6-Aug fresh 4600 23.2 (0.27) 4.72 (0.13) 4.9
6-Aug fresh 4860 23.9 (2.13) bd
6-Aug fresh 4860 12.9 (0.48) 2.43 (0.25) 5.3
6-Aug fresh 5050 32.1 (0.84) 4.03 (0.34) 8.0
6-Aug fresh 5050 32.1 (0.65) 6.15 (0.32) 5.2
6-Aug fresh 5200 44.7 (1.03) 8.80 (0.50) 5.1
11-Aug fresh 5200 98.2 (2.88) 22.4 (1.29) 4.4
13-Aug fresh 4860 20.5 (0.90) 8.25 (0.41) 2.5
13-Aug fresh 5050 21.3 (0.72) 9.78 (0.52) 2.2
13-Aug fresh 5200 52.1 (1.05) 12.5 (0.58) 4.2
"Flat-Topped" Glacier, Xixabangma Peak, 1991
11-Sep pit 0-15cm 5700 11.2 (1.04) 2.34 (0.35) 4.8
11-Sep pit 15-25cm 5700 bd 0.80 (0.22)
11-Sep pit 25-35cm 5700 11.6 (0.66) 1.57 (0.20) 7.4
11-Sep pit 10-20cm 5900 bd 0.39 (0.28)
11-Sep pit 20-30cm 5900 8.37 (0.95) 0.53 (0.24) 15.8
11-Sep pit 0-4cm 6050 24.2 (0.88) 3.34 (0.31) 7.2
11-Sep pit 4-20cm 6050 13.1 (0.79) bd
11-Sep pit 20-35cm 6050 24.2 (0.87) 2.88 (0.32) 8.4
11-Sep pit 35-50cm 6050 bd 0.59 (0.18)
11-Sep pit 50-65cm 6050 4.35 (0.32) 3.56 (0.30) 1.2
11-Sep pit 0-4cm 6140 15.5 (0.47) 2.84 (0.18) 5.4
11-Sep pit 4 -15cm 6140 21.4 (0.68) 2.84 (0.23) 7.5
11-Sep pit 15-29cm 6140 29.7 (0.73) 4.38 (0.26) 6.8
11-Sep pit 29-40cm 6140 4.51 (0.57) 1.89 (0.26) 2.4
11-Sep pit 40-50cm 6140 6.83 (0.37) 0.94 (0.14) 7.3
11-Sep pit 50-60cm 6140 6.33 (0.25) 3.11 (0.14) 2.0
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Table C. l .  (continued) 7Be and 210Pb concentrations in central Asian snow
(Uncertainties appear in brackets)
date type of elev. 7Be 210Pb 7B e / 210Pb
sample (m asl) (cone in pCiAg)
Mustagh Ata, Pamirs, 1992
7-Oct pit 0-10cm 5910 51.3 (1.31) 3.70 (0.33) 13.9
7-Oct pit 10-20cm 5910 40.9 (1.13) 3.14 (0.28) 13.0
7-Oct pit 20-30cm 5910 34.1 (0.93) 2.11 (0.20) 16.2
7-Oct pit 30-35cm 5910 18.4 (0.93) 3.25 (0.32) 5.7
7-Oct pit 35-40cm 5910 81.3 (2.35) 10.7 (0.75) 7.6
7-Oct pit 40-50cm 5910 41.3 (2.06) 12.2 (0.80) 3.4
7-Oct pit 50-60cm 5910 10.7 (1.31) 7.11 (0.63) 1.5
7-Oct pit 60-70cm 5910 9.36 (0.97) 2.94 (0.40) 3.2
7-Oct pit 5 -15cm 6050 26.5 (1.43) 4.29 (0.52) 6.2
7-Oct pit 15-25cm 6050 74.8 (2.09) 13.5 (0.74) 5.5
7-Oct pit 25-35cm 6050 40.3 (2.01) 6.58 (0.69) 6.1
7-Oct pit 35-45cm 6050 25.9 (1.63) 8.20 (0.76) 3.2
7-Oct pit 45-55cm 6050 16.2 (1.54) 7.93 (0.76) 2.0
10-Oct fresh 10cm 5400 55.5 (3.12) 4.28 (0.88) 13.0
10-Oct fresh 10cm 5400 81.0 (2.65) 9.03 (0.71) 9.0
10-Oct fresh 10cm 5400 81.0 (2.79) 11.5 (0.79) 7.0
10-Oct fresh 10cm 5550 53.9 (2.42) 4.41 (0.53) 12.2
10-Oct fresh 10cm 5700 38.5 (1.60) 2.29 (0.30) 16.8
10-Oct fresh 10cm 5820 47.0 (1.89) 3.30 (0.34) 14.2
10-Oct fresh 5cm 5930 48.9 (2.70) bd
10-Oct fresh 10cm 6050 47.6 (1.86) 3.77 (0.41) 12.6
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Table C.2. 7Be and 21®Pb concentrations in central Asian aerosol.
(Uncertainties appear in brackets)
date volume elev. 7Be 210Pb 7B e / 210Pb
(std rrr3) (m asl) (cone in fCi/scm)
Flat Topped Glacier, Xixabangma Peak, 1991
17-Sep 16.7 5900 76.7(15.1) 66.8 (9.0) 1.2
19-Sep 10.6 5900 306 (27.9) bd
26-Sep 11.5 5900 114 (17.8) 80.3 (11.6) 1.4
27-Sep 11.9 5900 164 (1.42) bd
Mustagh Ata, Pamirs, 1992
*
3-Oct 32.5 5400 24.2 (1.60) bd
4-Oct 25.1 5400 7.93 (3.30) 1.53(0.48) 5.2
5-Oct 16.7 5400 11.7 (1.62) 4.77 (0.82) 2.5
6-Oct 37.7 5400 29.5 (2.20) bd
7-Oct 28.9 5400 bd 0.31 (0.35)
8-Oct 38.7 5400 10.1 (1.18) 0.83 (0.21) 12.2
9-Oct 20.5 5400 23.0 (2.47) bd
10-Oct 38.8 5400 14.0 (2.00) 1.37 (0.31) 10.2
11-Oct 29.0 5400 25.2 (1.63) 1.24(0.48) 20.4
12-Oct 36.0 5400 29.1 (1.86) bd
13-Oct 41.0 5400 23.6 (1.84) 0.94 (0.69) 25.1
14-Oct 18.0 5400 5.57 (3.48) 7.12(0.98) 0.8
15-Oct 19.3 5400 33.0 (3.10) 0.46 (0.37) 72.4
